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ABSTRACT

The purpose of this study has been to define the optimum shaft-
driven rotor system for the heavy-1lift helicopter.

A parametric analysis was made for the tandem~lift rotor sys-
tem and the single~lift/antitorque rotor system; mathematical
models programmed for derivation by large digital machines
were used for the analysis. The tandem-lift rotor system was
chosen for preliminary design study.

The preliminary design study used the rotor geometry determined
by the rotor system parametric analysis. Attention was given
primarily to the articulated rotor and secondarily to the
hingeless semirigid rotor. Study of the hingeless semirigid
rotor was limited to an exploratory parametric analysis to
determine its compatibility with a tandem-1lift rotor system.
Although the analysis does not represent an optimized hinge=-
less semirigid rotor, it does indicate the areas of risk, the
weight increment, and the areas worthy of further study.

The preliminary design study includes stability, control, and
flying qualities; a static and dynamic structural analysis; pre-
liminary design layouts; weights; and a brief evaluation of
reliability. It specifically includes stall flutter, flap-

lag instability, rotor hub shaking forces, and fuselage re-
sponse,

A dual longitudinal control system has been developed which
uses both differential collective and longitudinal cyclic pitch
to provide hover attitude control. It permits the helicopter
to hover parallel to an external load or terrain without its
fuselage attitude being influenced by center of gravity.

It was concluded that the tandem-lift rotor system with artic-

ulated rotors and dual longitudinal control best meets the
requirements of the heavy-lift helicopter.
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FOREWORD

A two-part parametric analysis and design study of a shaft-
driven rotor system for the heavy-lift helicopter has been
conducted under U.S. Army Aviation Materiel Laboratories
(USAAVLABS) contract DA44-177-AMC-206 (T) with the Vertol

Division of Boeing.

Part I consisted of a rotor system parametric analysis. In
Part II, a preliminary design study was made of the rotor con-
figuration selected in Part I. This report covers both parts.

USAAVLABS was represented by Mr. W. Oyler, Research Contract-
ing Office; by Lt. N. Solow and Mr. W. Nettles, Project
Engineers; and by Mr. J. Yeates, Chief of the Aeromechanics
Division.
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SYMBOLS

NOTE: The symbols used in STATIC AND DYNAMIC STRUCTURAL
ANALYSIS OF THE ARTICULATED ROTOR applicable to metallic
materials and elements for flight vehicle structures are
listed in MIL~-HDBK-5,

Multiplying constant for standard weight trend
Subscript indicating alternating load
Blade lateral cyclic pitch in degrees

Flap angle in degrees

Basic structure weight constant (WEIGHTS)

Multiplying constant for advanced-technology
weight trend (WEIGHTS)

Number of blades per rotor
Blade longitudinal cyclic pitch in degrees

Minimum life in hours that 90 percent of the ball
and rolling element bearings will achieve before
first evidence of failure will be perceptible

Blade chord in feet
(ROTOR SYSTEM PERFORMANCE PARAMETRIC ANALYSIS
and WEIGHTS)

Blade chord in inches
(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
ARTICULATED ROTOR)

Basic oscillating capacity of bearing in pounds

(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
ARTICULATED ROTOR)
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CBR

C.F.

Dpitch

Dshaft

Distance of stressed fiber to neutral axis in

inches (STATIC AND DYNAMIC STRUCTURAL ANALYSIS
OF THE HINGELESS SEMIRIGID ROTOR)

California Bearing Ratio

Centrifugal force in pounds

(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
HINGELESS SEMIRIGID ROTOR)

Centrifugal force in pounds

(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
ARTICULATED ROTOR)

Coefficient of lift

Mean blade lift coefficient

Component part of centrifugal force in pounds

Rotor thrust coefficient

Vertical component of rotor thrust coefficient

Roller element diameter of bearing in inches
(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
ARTICULATED ROTOR)

Rotor diameter in feet

(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
ARTICULATED ROTOR)

Lateral distance of center of gravity from roll
axis in inches (STATIC AND DYNAMIC STRUCTURAL
ANALYSIS OF THE HINGELESS SEMIRIGID ROTOR)

Flapping hinge offset in feet
(WEIGHTS)

Roller bearing pitch diameter in inches

Roller bearing shaft diameter in inches
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fe

Rotor flap hinge offset in inches or feet
(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
HINGELESS SEMIRIGID ROTOR)

Equivalent flat-plate drag in square feet

Tension stress due to centrifugal force in
pounds per square inch

Relative longitudinal load

Relative lateral load (ROTOR SYSTEM PERFORMANCE
PARAMETRIC ANALYSIS)

Lateral force in pounds (STATIC AND DYNAMIC
STRUCTURAL ANALYSIS OF THE HINGELESS SEMIRIGID
ROTOR)

Lateral aerodynamic force in pounds

Lateral aerodynamic force (aft rotor) in pounds

Lateral aerodynamic force (forward rotor) in
pounds

Relative vertical load
Vertical force in pounds

Yaw control power

Gross weight in pounds

Couple distance in feet

Density altitude in feet

xxiii




Height of forward rotor above horizontal refer-
ence in feet (STATIC AND DYNAMIC STRUCTURAL
ANALYSIS OF THE ARTICULATED ROTOR)

Height of forward rotor above horizontal refer-
ence in feet (STATIC AND DYNAMIC STRUCTURAL
ANALYSIS OF THE HINGELESS SEMIRIGID ROTOR)
Pressure altitude in feet

Horsepower required per rotor

Transmission deéign horsepower

Height of aft rotor above horizontal reference
in feet (STATIC AND DYNAMIC STRUCTURAL ANALYSIS
OF THE ARTICULATED ROTOR)

Height of aft rotor above horizontal reference

in feet (STATIC AND DYNAMIC STRUCTURAL ANAIYSIS
OF THE HINGELESS SEMIRIGID ROTOR)

Identifying subscript for flap

Blade flapping inertia in foot pounds per second
squared

Inclination of forward rotor shaft in degrees
Inclination of aft rotor shaft in degrees

Mass moment of inertia about Z axis in slug feet
squared

Identifying subscript for chord

Group weight factor
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L or 1c
Leff

L.y OF 1rw

Ratio of shaft ID to OD (STATIC AND DYNAMIC
STRUCTURAL ANALYSIS OF THE HINGELESS SEMIRIGID
ROTOR)

Blade flapping inertia proportionality factor
(WEIGHTS)

Droop constant (WEIGHT ESTIMATION METHODS)
Drive system weight factor

Nondimensional drag factor (ROTOR SYSTEM
PERFORMANCE PARAMETRIC ANALYSIS)

Nondimensional blade droop factor (WEIGHTS)
Kinetic energy capacity in foot pounds
Rotor system weight factor

Blade torsional spring rate in inch-pounds per
radian

Horizontal distance between rotors in feet
(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF

THE ARTICULATED ROTOR and STATIC AND DYNAMIC
STRUCTURAL ANALYSIS OF THE HINGELESS SEMIRIGID
ROTOR)

Length of flapping portion of blade in feet, or
R-d (WEIGHTS)

Length of cabin in feet
Effective length of roller bearing in inches
Length of ramp well in feet

Length of cargo floor in feet

Rotor blade pitch moment in inch pounds

XXv




M

Mallowable

Mhubp
Mhub

F

(N)

Blade static moment in foot pounds (WEIGHTS)

Allowable moment in inch pounds

Aft hub roll moment in inch pounds

Forward hub roll moment in inch pounds

Generalized hub moment in inch pounds "
Rotor shaft pitching moment in inch pounds

Swashplate moment in inch pounds "

Longitudinal effective fuselage mass at hub in
slugs

Lateral effective fuselage mass at hub in slugs
Vertical effective fuselage mass at hub in slugs
Average vibratory moment in inch pounds

Rotor blade static moment about flap pin in foot
pounds

Rotor speed in rpm
Number of rolling elements in bearing
Ultimate load factor (WEIGHTS)

Number of rotors (STATIC AND DYNAMIC STRUCTURAL
ANALYSIS OF THE ARTICULATED ROTOR)

Number of engines
Number of litters
Normal rotor speed in rpm
Rotor hover speed in rpm

Number of rotors (WEIGHTS)
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OLF

OPM

qd %0

|

pa

Number of troops

Rate of change in yawing moment with sideslip
angle in foot pounds per radian

0il lubricaticn factor

Bearing speed in oscillations per minute

Pitch=-1link load in pounds (STATIC AND DYNAMIC
STRUCTURAL ANALYSIS OF THE ARTICULATED ROTOR)

Radial load on bearing in pounds (STATIC AND
DYNAMIC STRUCTURAL ANALYSIS OF THE HINGELESS
SEMIRIGID ROTOR)

Bearing cubic mean load in pounds

Bearing load in pounds for rotor speed N,

Bearing pressure-velocity parameter in pounds
per square inch x feet per minute

Rotor performance parameter in pounds

Rotor radius in feet

Outside radius of tubular shaft in inches
(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
HINGELESS SEMIRIGID ROTOR)

Radial blade center of gravity from centerline
of flapping hinge in feet

Distance from centerline of rotation to point
of blade attachment in feet

Inside radius of tubular shaft in inches

Radius of the pitch arm in inches
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sp

SF

SHF

SSF

UCI

Vcr

Vforward

Radius of the swashplate arm in inches

Subscript indicating steady load
Bearing size factor

Wetted area of fuselage (including pylons) in
square feet

Shaft hardness factor

Stationary shaft factor

Time in minutes (STATIC AND DYNAMIC STRUCTURAL
ANALYSIS OF THE ARTICULATED ROTOR)

Blade thickness at 25-percent radius in feet
(WEIGHT ESTIMATION METHODS)

Swashplate thrust in pounds
Unit construction index

Cruise speed in knots

Forward speed of the helicopter in knots
Forward speed of the helicopter in knots
(STATIC AND DYNAMIC STRUCTURAL ANALYSIS OF THE
ARTICULATED ROTOR)

Maximum forward flight speed in knots

Blade tip speed in feet per second

Blade design-limit tip speed in feet per second
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Design
FLYING

Weight

gross weight (STABILITY, CONTROL, AND
QUALITIES)

of airconditioning and anti-icing group

in pounds

Blade weight in pounds

Weight
Weight
Weight
Weight
Engine
Weight
Engine

Engine
pounds

Weight

of bedy group in pounds

of basis structure in pounds

of cockpit controls in pounds

of drive system in pounds

weight in pounds

of emergency equipment in pounds
section weight in pounds

section weight by advanced technology in

of root-end fitting in pounds

Flapping weight of one blade in pounds

Total flight controls weight in pounds

Weight
Design
Weight
Weight
Weight
Weight
Weight

Weight

of fixed useful load in pounds

gross weight in pounds (WEIGHTS)

of hinge and blade retention in pounds
of instrument group in pounds

of loadmaster's hover controls in pounds
of engine mounts in pounds

of miscellaneous equipment in pounds

of personnel accommodations in pounds
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Yy

Z

l[29aoCoR4

Iflap

B(radians)
ACG

Afe

§T/6a

Total rotor group weight in pounds

Weight of one rotor in pounds .

Weight of structure for landing gear in pounds
Weight of stability augmentation system in pounds

Weight of system controls (including hydraulic
boost system) in pounds

Weight of upper controls in pounds

Weight of cargo floor in pounds

Exponential power factor for K
Inboard airfoil blade cutout (r/R)
Lateral force in pounds
E..ponential power factor for K

Vertical force in pounds

Locke number

Coning angle in degrees

Angular separation in degrees between rolling
elements of a bearing

Coning angle in radians
Allowable center-of-gravity travel in feet

Change in equivalent flat-plate area in square
feet

Rate of change of rotor thrust with respect to
fuselage angle of attack in pounds per radian

XXX




SAWT

Q

w/Q

Percent change in weight between hingeless and
articulated rotor

Delta three

Ultimate load factor

Crash lcad factor

Inclination of the forward rotor shaft in degrees
Inclination of the aft rotor shaft in degrees
Total linear blade twist in degrees

Lateral cyclic control input in degrees

Blade collective pitch in degrees at 75-percent
radius

Inflow ratio

Rotor advance ratio

Air density in slugs per cubic foot

Solidity (bc/ R)

Blade azimuth position

Rotor rotational speed in radians per second
Exciting frequency (multiple of rotor speed)

Natural frequency associated with the th
bending mode of the blade in cycles per minute

Blade fundamental mode frequency in cycles per
second
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SUMMARY

The purpose of this investigation is to define the optimum con-
figuration and physical characterist.cs for a shaft-driven
heavy-lift helicopter rotor system (this includes the number of
rotors, the rotor blade geometry, hub articulation and control
requirements) and a general functional and structural descrip-
tion of the aircraft for which the selected rotor design is
applicable.

ROTOR SYSTEM PERFORMANCE PARAMETRIC ANALYSIS

The objective of the parametric analysis is the selection of a
rotor system for the heavy-lift helicopter missioas from within
the limited field of two shaft-driven systems: the tandem-1lift
rotor system and the single-lift/antitorque rotor system. Cal-
culation of propulsion, performance, and weight parameters for
each rotor configuration was iterated for a set of mission
ground rules; successive iterations were continued until the
assumed and derived parameters converged. The missions and
parameters are categorized in Tables I and II.

NOTE: The use of the word "parametric" in this report has
been limited to its mathematical connotation: assignment
of successive arbitrary values to variables for the pur-
pose of obtaining discrete solutions which approximate the
closed-form solutions of real, physical models. As with
many mathematical models of a hypergeometric nature, the
independent variables become parameters especially when
they are used with convergence techniques involving suc-
cessive iterations by digital computer.

To evaluate the results from the mathematical models, selection
criteria were postulated in two categories: necessary condi-
tions for selection and sufficient conditions for selection.
The use of the words "sufficient conditions" here implies that
once the necessary conditions are met by both the tandem-1lift
rotor system and the single-lift/antitorque rotor system, any
residual conditions constitute an area for tradeoff analysis.
The resultant selected subset conditions then become adequate
and commensurate reasons for choosing one configuration over
the other. 1In this context, these are termed "sufficient

conditions."”

Necessary conditions are those which must be met without com-
promise:

.U e L e gE— =




TABLE I

MISSION REQUIREMENTS PER CONTRACT
RIIWE[|TXI

Requirement Tréns?ort Heayy-pift Fgrry
Mission Mission Mission
Payload out 12 tons* 20 tons*¥* None
Minimum design
load factor 2.5 2.5 2.0
Radius 100 n.mi. 20 n.mi. 1500 n.mi.
(STOL takeoff)
Cruise speed:
W/payload 110 kt 95 kt -
W/o payload 130 kt 130 kt For best range
Hover time:
At takeoff 3 min 5 min -
At midpoint w/
payload 2 min 10 min -
Hover OGE 6000 ft Sea level -
95°F 59°F
Mission altitude Sea level Sea level For best range
standard standard
Reserve fuel
(% initial fuel) 10% 10% 10%
Fuel allowance @
MIL-C-5011A Ref Ref Ref

* Payload considered to be carried internally.

For crane/

personnel carrier, a pod was assumed to enclose the load, and
a flat-plate-area increment of 10 square feet was assumed

for e<tra drag.

**Payload considered to be carried externally.

Pod weight was considered part of payload.

A flat-plate-

area increment of 100 square feet was assumed for extra drag

on both the transport and the crane/personnel carrier.
& -




TABLE II
PARAMETERS

Length of cargo compartment*

Width x height of cargo
compartment®

Percent of Inf. Div. trans-
portable with 12-ton payload*

Ground-to-fuselage clearance*

Tip speed (Vi)

Mean blade lift coefficient
(Ty)

Blade twist
Airfoil section

Rotor blade overlap

Rotor blade coning angle

Solidity

Number of blades per rotor

Power required (transmission
rating)

Rotor radius

Cruising speed

540 inches

144 x 108 inches for transport
120 x 78 inches for crane

91 percent of items;
59 percent of weight**

4.25 feet for transport
13.5 feet for crane

600 to 800 feet per second

0.60 to 0.80
=12 to -6 degrees
NACA 0012 and 23012

0 to 35 percent for tandem
Not applicable for single

4.3 to 7.4 degrees

0.05 to 0.25 for tandem
0.06 to 0.21 for single

3, 4, and 5 for tandem

4, 5, and 6 lift blades for
single

4, 5, and 6 antitorque blades
for single

11,000 to 17,200 shp for tandem
12,400 to 15,200 shp for single

30 to 50 feet for tandem
46 to 64 feet for single

100 to 170 knots for tandem
80 to 160 knots for single

*These parameters were defined by estimates; they were not
specified in the contract, but they are necessary to the

study.

All other parameters listed here were defined by

helicopter aerodynamic science, history, configurations, and

by iteration.

**Payload considered to be carried internally by transport,

internalyzand externallx bx crane‘ggrsonnel carrier.



l. Mission requirements
2. Inherently good flying qualities
3. Acceptable vibration levels

4. A high safety index, as reflected in structural in-
tegrity and reliability

Sufficient conditions are those which become the basis for
choice between configurations:

l. A competitively low producibility, maintainability,
and availability cost/effectiveness index, as re-
flected in weight empty

2. A competitively low fuel requirement

3. Margins of superiority beyond mission requirements,
provided that these margins do not increase cost.

4. Because the airframe has not been defined, the select-
ed rotor configuration must be compatible with the
forms the aircraft may eventually take.

Both the analysis and historical confidence indicate that both
the tandem-1lift and single-lift/antitorque rotor systems can
meet the necessary conditions for selection. (The ability to
meet all mission requirements is implicit in the mathematical
models.) The details on flying qualities, airframe vibration,
structural integrity, and reliability are found in the STABIL~
ITY, CONTROL, AND FLYING QUALITIES; STATIC AND DYNAMIC STRUC-
TURAL ANALYSIS; and RELIABILITY chapters of this report.

A summary of heavy-1lift helicopter weights and performance

is given in Table III. Based on a review of the computer-
generated results, which show differences in optimized weights
between configurations, the tandem-lift rotor system was
selected for the preliminary design study because it best
satisfies those conditions defined above as sufficient con-
ditions for selection.

PRELIMINARY DESIGN STUDY

The objective of the preliminary design study is tc define the
rotor system in detail. At an early stage in the study, it

4




TABLE III

WEIGHTS AND PERFORMANCE SITMMARY

Single-Lift/Antitorque
Rotor Helicopter
Four 501-M26

Three 501-M264|

Item

Transport Crane

Req'd Max Req'd Max
Cruise Cruise Cruise Cruise
Speed Speed Speed Speed

Transport C

Req'd Max Req'
CruiseCruise Crui
Speed Speed Spee

Blade radius (ft) 48.0 48.0 43.0
Chord (ft) 4.0 4,0 3.5 >
Airfoil section NACA 23012 NACA 23012 |NACA 23012 NACA
Solidity 0.133 0.133 0.07772 0.(
Tip speed (fps) 700 700 700 1
Blade twist (deg) -12 -12 -9
Number of blades 5 5 3
Transmission rating (shp) 15500 15500 12000
Cabin size (cu ft) 45x12x9 - 45x12x9
Basic flat plate area (sq ft) 96.6 142.2 93.5
Design gross weight (1b) (load factor 2.5) 91600 91600 87000
Empty weight (1b) 47173 45949 42027
Transport Mission ¢
Fixed useful load (1b) 880 880 880 880 880 880
Payload 24000 24000 24000! 24000 | 24000 24000
Mission fuel 9890 9747 10816 10801 8250 9050
Takeoff gross weight 81973681800 81645681630°] 75157 75957
Maximum hover gross weight @000 ft, 95°F (1b) 81800 81800 81120 81120 | 78500 78500
V outbound (kt) 110 149 110 120 110 167
Vmax (kt) not exceeding NRP 169 169 155 155 - 167
Heavy-Lift Mission 8
Fixed useful load (lb) 880 880 880 880
Payload 2 40000 40000 40000 40000
Mission fuel 4670 4735 3660 3640
Takeoff gross weight 9272367 91564 86567 86547
Maximum hover gross weight (lb) @ SL Std 92400 92000 89930 89930
V outbound (kt) 2 95 95 95 139
Vmax (kt) not exceeding NRP 2 146 139 - 139
Ferry Mission 8
Fixed useful load (1b) 880 880 880
Auxiliary tanks (1b) 4779 4805 4829
Migsion fuel (1lb) 61668 62866 61105
Takeoff gross weight (1b) based on L.F.=2 114500 114500 108750
Average cruise speed (kt) 130 126 134
Ferry range (n.mi.) 3 1782 5 1595 3 1930 *

NOTES:

l. Payload carried internally for crane type. Afe = 10 4. One engine

square feet.

To account for pod to enclosure payload,

pod weight is included as payload.

2. Payload carried externally.
account for drag of payload.

Afe =

100 square feet to

3. Based on flying at optimum altitude but not higher than

10,000 feet.

S. Two engines}
6. Total overl
hover weighf
7. Total overl
gross weigh
8. Missions ar



IGHTS AND PERFORMANCE SUMMARY

TABLE III

= ——

igt/Antitorque Tandem-Lift Rotor Helicoézz}

T Three 501-M26 Four T55-L-11 Four T64 S/4

2 Crane Transport Crane Transport Crane Transport Crane
Req'd Max Req'd Max Req'd Max Req'd Max Req'd Max Req'd Max Req'd Max

.se Cruise Cruise

:d Speed Speed

Cruise Cruise Cruise Cruise Cruise Cruise Cruise Cruise Cruise Cruise Cruise Cruise
Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed Speed

2

48.0 43.0 43.0 43.0 43.0 43.0 43.0
4.0 3.5 3.5 3.5 3.5 3.5 3.5
NACA 23012 NACA 23012 NACA 23012 NACA 23012 NACA 23012 NACA 23012 NACA 23012
0.133 0.07772 0.07772 0.07772 0.07772 0.07772 0.07772
700 700 700 700 700 700 700
-12 -9 -9 -9 -9 -9 -9
5 3 3 3 3 3 3
15500 12000 12000 12Q00 12000 12000 12000
- 45x12x9 - 45x12x9 - 45x12x%9 -
142.2 93.5 136.5 95.6 138.6 95.6 138.6
91600 87000 87000 87000 87000 87000 87000
45949 42027 39571 42224 39769 42877 40421
0 880 880 880 880 880 880 880 880 880 880 880 880 880 880
0 24000 24000 | 24000 24000 24000124000' 24000 24000 24000%24000! 24000 24000 24000!24000!
7 10816 10801 | 8250 9050 8920 9550 8750 9792 9600 10260 7700 17743 8390 917G
0 816456816306| 75157 75957 73371 74001 75854 76896 74249 74909 75457 75500 73691 74471
0 81120 81120 | 78500 78500 78300 78300 77300 77300 77100 77100 75500 75500 75300 75300
9 110 120 110 167 110 150 110 167 110 150 110 145 110 150
9 155 155 - 167 - 150 - 167 - 150 - 167 - 150
880 880 880 880 880 880 880 880 880 880 880 880 880
40000 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000 40000
4735 3660 3640 3800 3770 3900 3870 4080 4010 3550 3470 3690 3615
7 91564 86567 86547 84251 84221 87004786974 84729 84659 87307787227 84991 84916
92000 89930 89930 89700 89700 89930 89930 89700 89700 89930 89930 89700 89700
95 95 139 95 131 95 139 95 131 95 139 95 131
139 - 139 - 13° - 139 - 131 - 139 - 131
880 880 880 880 880 880 880
4805 4829 4961 4808 4944 4753 4889
62866 61105 63338 60838 63157 60240 62560
114500 108750 108750 108750 108750 108750 108750
126 134 126 131 122 132 124
1595 5 1930 * 1810 “ 1755 & 1645 * 1921 & 1802 &
Afe = 10 4., One engine shut down.

ure payload,

are feet to

t higher than

5. Two engines shut down.

6. Total overload gross weight is higher than maximum
hover weight.
7. Total overload gross weight is higher than design
gross weight.
8. Missions are defined in Table I.



became evident that the field of contending rotor types should
be limited. The primary concentration was placed on the artic-
ulated rotor. An exploratory parametric study of the hingeless
semirigid rotor was limited to areas of risk, the weight incre-
.nent, and areas worthy of further study. The articulated rotor
preliminary design study progressed as follows:

l.

The following parameters were derived from the rotor
system parametric study:

a. Rotor configuration: tandem-lift

b. Number of lift rotor heads: 2

c. Number of antitorque rotor heads: O

d. Number of blades per head: 3

e. Rotor radius: 43 feet

f. Blade chord: 3.5 feet

g. Blade airfoil: NACA 23012, constant

h. Blade twist: =9 degrees

i. Rotor rpm: 155.5 (tip speed 700 feet per second)

j. Powerplant-transmission configuration: 4 engines
(see Figure 126)

Flap pin position and contrcl motions were determined
from stability and control requirements. The flap
pin is at station 12 inches, or 2.3 percent of radius.
The total cyclic-versus-collective envelope limits are
shown in Figure 34.

Coning angle historical criteria are given in Table
XVIII.

Computer-derived convergence of blade and hub param-
eters included the tuning of blade natural frequencies
away from operating frequencies. The fiberglass
plastic blade permits tuning to desired natural fre-
quencies because it allows freedom to orient struc-
tural fibers, and thus to vary strength and elasticity

7



independently. The metal blade is tuned by antinodal
placement of masses on a D-spar.

Stress levels were determined, and allowable 1loads
were mapped against expected loads for several con-
ditions. The fiberglass plastic blade provides a
considerable margin between blade loads and allow-
ables for speeds up to 160 knots in any flight regime
(see Figures 72, 73, and 74). The metal high-
stiffness blade has adequate load margins for speeds
up to 140 knots. The metal low-stiffness blade has
adequate load margins up to 160 knots, but not as
large as those of the fiberglass plastic blade (see
Figures 82, 83, and 84).

NOTE: The contract-mission maximum speed of 130 knots
is far below the maximum performance of 167 knots
attainable in the tandem-1lift rotor transport or 150
knots in the crane/personnel carrier. Since the
technological disciplines have investigated conditions
peculiar to them, some mismatch of speeds appears
hereafter. All of the speeds, however, fall within

5 percent of, or are greater than, the 1l67~knot per-
formance speed limit and they are not to be considered
a limitation on performance. The existence of con-
siderable margins in these static and dynamic struc-
tural analyses validates the adequacy of the designs
to meet the 167-knot performance speed.

Design layouts of blade, hub, and controls were made
consistent with the loads expected, blade-folding
capability, the materials studied, and updated manu-
facturing methods. The stress margins are adequate,
and the bearing elements are designed for 3600 hours’
service life and 1200 hours between major overhaul.
Table IV summarizes blade load distributions and
bearing life derived from static and dynamic structural

analysis.,

The design weights were compared against the trend
weights derived in the parametric study. A 466-pound
weight increase (4) was found. This reiteration of
the rotor system weight as well as other subsystem
weights gives an aircraft design weight decrement 973
pounds below the parametric weight estimate. The
weight-empty estimate was revised to 39,769 pounds, to

8
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include the rotor design weight estimate. The weight
increase (4) estimates for a hingeless semirigid
system are shown in Table XXIV.

8. A reliability estimate was made of the aircraft
dynamic system.,

9. Preliminary designs were conceived for two tandem-lift
rotor helicopters: the crane/personnel carrier and 3
the transport.

10. Based on the transport, a dynamic analysis including
fuselage response to vibratory rotor loads was made. .
The vibration levels are based on induced rotor loads
applied to fuselage response characteristics. The
predicted cockpit vibration levels indicate a
proximity to existing pure helicopter vibration data
scatter (see Figure 97).

11l. A dynamic analysis of rotor stability was made. The
stall-flutter analysis showed that stall flutter
limits are well beyond mission cruise speeds. At
the maximum-performance speed of 165 knots, moderate
stall phenomena (stall flutter) are expected.

CONCLUS IONS

Both the tandem-lift and the single-lift/antitorque rotor
systems can be made to meet the necessary conditions of
missions, flying qualities, stability and control, acceptable
fuselage response vibration levels, and inherent reliability.
However, based upon findings of this preliminary design study,
the following comparisons can be made of tandem-l1ift and
single-lift/antitorque rotor heavy-lift helicopters:

1. The weight empty of the tandem-lift rotor helicopter
is ll-percent lower than that of the single-lift/
antitorque rotor helicopter: transport, 42,224
versus 47,173 pounds; crane/personnel carrier,
39,769 versus 45,949 pounds.

2. The tandem requires less fuel for mission completion
(refer to Table V).

e
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TABLE V
MISSION FUEL IN POUNDS

Mission Tandem-Lift Single-Lift/Antitorque
Rotor System Rotor System

12-Ton Mission:

- Transport 8750 9890

Crane 9600 10816

20-Ton Mission:

Transport 3900 4670
Crane 4020 4735

The tandem requires less shaft horsepower: the
tandem helicopter required transmission rating is
12,000 horsepower for the critical condition of hover
OGE at 6000 feet, 95°F. The single-lift/antitorque
rotor helicopter requires a transmission rating of
15,500 shaft horsepower.

The tandem has inherent large cubage, with beam span
for internal loading at no increase in weight empty.

The tandem has a greater center of gravity range with
equal flapping-hinge offsets, and greater longitudinal
control power.

The tandem has hover attitude control independent of
center of gravity positions. While the dual longi-
tudinal control system (including the hover attitude
control described in Figure 47) is now categorized as
a sufficient condition for configuration selection, a
more refined analysis of helicopter load-acquisition
techniques may well indicate it to be a necessary con-
dition for a heavy-lift helicopter. The tandem-lift
rotor helicopter is unique in this capability.

The vibration level in helicopters is a phenomenon
involving the loads induced at the rotor heads and
the tuning of airframe frequencies to them as a
response. Neither configuration has essentially
superior vibration characteristics.

11



8. Using NASA-Langley and USAAVLABS investigations as
guidelines, Vertol Division has analyzed the mission
of the heavy-lift helicopter and has developed control
power and sensitivity requirements that exceed the
requirements of specification MIL-H-~8501A about all
axes. The static stability provided will ensure a
more natural feel of aircraft motions and thus increase
pilot confidence. For pilot comfort, fuselage atti-
tude will be controlled by longitudinal cyclic pitch.
The neutral speed stability and directional stability
provided in the tandem-lift rotor helicopter, with
the feature of dual longitudinal control, makes it
the ideal load platform for the spot hovering require-
ments of the heavy-lift mission.

9. Except for an additional requirement for yaw restraint,
single-point cargo suspension systems favor the
single-lift/antitorque rotor helicopter because the
attachment is a direct shear point to the stiff rotor
frame and does not create moments. For similar
reasons, a fore ~nd aft multiple-point suspension
system favors the tandem~-lift rotor helicopter.

Based on these advantages and disadvantages, the heavy-lift
helicopter requirements would be best met with the tandem-lift
rotor system, with the detail design features described in the
paragraphs which follow.

Rotor Radius 43 Feet

The 43-foot blade radius results in disc loading for which the
6000-foot, 95°F hover requirement is adequately met with four
TC43-11 or T64/S4A engines. A slightly smaller blade radius
would be permissible with three 501-M26 or four T64/S5A
engines. However, for the cabin length selected, there is no
significant saving in gross weight for reducing radius.

Constant-Thickness Blades

A universally applicable design of a rotor system with constant-
thickness blades can efficiently fulfill the hervy-1lift require-
ments for a variety of fuselage types and missio. cruise speeds.

Blade Twist -9 Degrees
The rotor is optimized at a blade twist of -9 degrees. A blade

12
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twist between -12 and -9 degrees can be accepted from a per-
formance point of view. With respect to rotor stability, stall
flutter limits are well beyond mission speed requirements.
Using a twist of -9 degrees rather than =12 degrees increases
the margin for allowable stress loads in both the plastic and
metal blades, and extends the applicability of the metal blade
from a 140-knot limit to the 165-knot target. Finally, a

twist of -9 degrees would lower vibration levels. Therefore,

a blade twist of -9 degrees is recommended.

Articulated Rotor

While the hingeless semirigid rotor is applicable to the
tandem-1ift rotor system, it produces high pure hub-fuselage
twisting moments when yaw control is applied., and this results,
to the extent of this study, in weight penalties in the rotor
drive shaft, bearings, and supports, and in the airframe.
Therefore the articulated rotor is recommended for the tandem-
lift rotor heavy-lift helicopter.

Dual Longitudinal Control

The dual longitudinal control system provides hover attitude
control independent of center of gravity with no increase in
complexity, and the weight increase in the cockpit controls is
negligible.

C-Spar Plastic Rotor Blade

The C-spar plastic rccor blade is best suited for selection in
this study because of its greater margin between actual loads
and allowable loads. The D-spar steel blade, which is a conven-
tional design at Vertol Division, should also be pursued as a
second selection.

Helicopter Concepts

This study developed the systems and missions which can be an-
ticipated at this time, beyona requirements of the contract under
which the study was conducted. Artist's concepts of two
heavy-1lift helicopters -- the transport and the crane/personnel
carrier -- are shown in Figure 1l; they use a common rotor-
propulsion dynamic system with articulated rotor hubs and upper
controls. Both are shown with tricycle landing gear, but a
quadricycle gear can be used on the crane/personnel carrier if
full straddle mounting of external load is required.

13




il e - =

(¥ 30 T 3I=9ays)

*3daduo) 193doOTIT9H 3ITTTI-Aaeay

LIOdSNYHEL YOLOY LJIIT-WIANV.L

T 2anbtg

14

e R Y

e



(¥ Jo Z 3?3ys) -3dsouo- 193dodoTT9H 3IFTTI-AAedy T aanbtryg .

AITHIVO TIANNOSYIJ/ANVED YOLOW IJIIT-WAANVL

15




. R e oD o g L R s Sy .

ARTICULATED ROTOR HUB
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(Sheet 3 of 4)

Figure 1. Heavy-Lift Helicopter Concept.
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ROTOR SYSTEM PERFORMANCE PARAMETRIC ANALYSIS

INTRODUCTION

Objective

This section defines the rotor geometry for an optimized
heavy-lift helicopter. It describes the selection of the
number of lifting rotors and the number of rotor blades, the
determination of the blade geometry, and a general descrip-
tion of the aircraft for which the rotor design is selected.

Basis for Optimization

The mission requirements for the aircraf: are defined by the
contract. The rotor system to perform the missions should be
derived from all pertinent factors, such as the costs of
development and manufacturing, operation, and training, the
development time period, powerplants available, aircraft dynamic
stability and control considerations, aircraft performance and
design flexibility, acceptable vibration levels, and safety.
Two of the most important of these factors may be associated
with the weight of the aircraft: manufacturing costs with empty
weight, and operational costs with gross weight and fuel
weight. The remaining factors either are indeterminate in a
stindy of this scope or may be considered qualitatively if they
are felt to be significant. Since gross weight includes the
effects of changes in fuel weight and empty weight, it is used
in this study as the primary optimization index. That is, the
aircraft is considered to be optimized when it performs the
required missions at a minimum gross weight.

PROCEDURE

In order to ensure adequate cargo size capability, a cubage
analysis was conducted first, and the minimum cabin dimensions
determined from it were used throughout the parametric study.

The parametric study was conducted by the use of a parametric
weights and performance computer program. The computer pro-
gram calculates hover and cruise performance to define the
mission power and fuel requirements, and it uses generalized
group weight trend data to determine the empty weight for any
given rotor geometry. By varying the rotor geometry input,
variations in empty weight, mission fuel weight, and mission
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gross weight were determined. The effect of each geometric
variable on configuration weight established a basis for op-
timization. The primary, or independent, variables considered
were:

l. Number of rotors

2. Blade radius

3. Number of blades

4, Mean blade lift coefficient for hover
5. Tip speed

6. Blade twist

7. Airfoil section

The secondary, or dependent, variables result from the choice
of the primary variables:

1. Parasite drag area (calculated by the parametric
computer program)

2. Blade chord (calculated by the parametric computer
program)

3. Engine model (selected from review of power require-
ments calculated by the parametric computer program)

A parametric study conducted with rubberized engine character-
istics resulted in a tentative selection of rotor geometry

and power requirements which permitted the selection of actual
powerplant combinations. The weights and performance were
then recalculated for engine characteristics,and the tentative
rotor selection was confirmed. The optimization process con-
sidered both the 12-ton transport mission (which was critical
with respect to rotor geometry) and the 20-ton heavy-lift
mission (which was critical with respect to transmission power
capabilities and design gross weight). The ferry mission was
not critical, and ferry performance was calculated for the
optimized configurations to indicate the margin of capability
over the requirement.

A parametric study was conducted for both a tandem-lift rotor
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system and a single-lift/antitorque rotor system. A selection
was made, then, between these optimized types, and the rotor
system geometry for the tandem-lift configuration was chosen
for the preliminary design portion of the study.

BASIC DATA

Mission Requirements

The contract mission requirements listed in Table I are inter-
preted in Figures 6 and 7.

General Aircraft Characteristics
1. Turbine-powered
2., Safe autorotation at design gross weight
3. Design load factor 2.5 at design gross weight
4, Crew minimum of one pilot, one copilot, and one crew
chief. All studies have included a load master as

well.

5. All components designed for 1200 hours between major
overhaul and 3600 hours' service life.

Vehicle Description

Two heavy-1lift helicopter fuselage versions each were considered
for the tandem-1lift rotor system and the single-lift/antitorque
rotor system.

1. The transport (see Figures 2 and 3) can carry vehi-
cles, cargo, or personnel internally. A five-winch
system permits external loads to be carried.

2. The crane/personnel carrier (see Figures 4 and 5) is
designed to carry personnel and small cargo units
internally, and the landing gear design will permit
partial straddle pickup.

The transport fuselage was used for the parametric study and
the application of the resulting rotor system to the crane/
personnel carrier was established by additional mission calcu-
lations and weight estimates.
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ROTOR DATA _

ROTORDA__ __ __ __86-0"
NO. OF auuos;/mz —_— /
BLADE CHORD__ ___ __ _ 135

BLADE AIRFOIL SECTION _NACA 23012
DISTANCE BEWEEN ROT0C CRS__50°5
ROTOR SPEED (10RMAL AWER)__IS5-5 RPM,

g
y
17—

i H ﬁfl

Figure 2. Tandem-Lift Rotor Transport
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ROTOR DATA

ROTOR DATA,
MAIN ROTOR DIA, _ __ 960" r
NO. ZFBUDIs R ReTor _____ __ 5, ;
TAIL RO®R DA . __ _ __ 285"
NO. >F BLADES PIR RaTo _ __ 2. > .
DISTANCE BETWEEN ROTORS __ _GI-6 . 1.3 _
15

o 70 zZo K—1

,,,,,, Tt -4
FCHLE 1w FEET

Figure 3. Single-Lift/Antitorque Rotor Transport
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ROTOR DATA .

R DA __ __ __ __ — 860

NO.OF BLADES/RoTOR . __ __ __ 3 !
BLADE CHORD __ ___ ___ __ __ 3% ,
BUADE AIRFOIL SECTION _ _ NACA 23012 “
DISTANCE BEWEEN TR CRS_ _ 59°5 /

ROTOR SPECD (Wo%~ii Row(k) _IS5-5 RPY. ,

Figure 4. Tandem-Lift Rotor Crane/Personnel Carrier
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NO. oF BLADES A< RMOR._ _ 3.
DISTANCE BETWEEN ROToRS _ _6126°

SCALE IN FERT,

ROTOR A .

MAIN ROTOR DIA._ _ __96-0°
NO. OF BLADES PRR TR ___ 5.
TAIL RoTok, DIA. . __ 2820°

| '
b |
= \ _
48"
| i s.:::4' - A

Figure 5. Single-Lift/Antitorque Rotor Crane/Personnel
Carrier
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Transport Mission

100 Nautical Miles——

Hover 2 Minutes with

Load at Sea Level
12 Tons Outbound. Standard

S ‘at 110 Knots ‘ |
Jm;g

0 Tons Inbound
at 130 Knots

Hover 3 Minutes
at 6000 Feet, 95°F

Heavy-Lift Mission

20 Nautical Miles

Hover 5 Minutes 20 Tons Outbound

- 3 Hover 10 Minutes
€§:> at 95 Knots .
; with Load at Sea-
=g - Level Standard

0 Tons Inbound
at 130 Knots

Ferry Mission

1500 Nautical Miles —]

Best Speed;

and Altitude
for Range

Figure 6. Specification Missions. .
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@ Mission Inbound

@ Mission Outbound
’f

Initial Hover Mission @
Midpoint Hover

@ Warmup and Climb

@ @ Hover Capability

With full payload and fuel have OGE hover capability
Provide fuel for warmup and climb per MIL-C-5011A
Hover initially for (C) minutes

Fly at speed (D), altitude (E), and temperature (F)
during mission range out, with provision for outbound

external cargo drag
Hover at mission midpoint with cargo, for (G) minutes

Unload cargo outbound and load cargo inbound, with
provision for inbound external cargo drag

Fly at speed (H), altitude (J), and temperature (K)
during mission range in (not necessarily equal to
mission range out)

Have 10 percent of initial fuel as reserve

Increase fuel flow 5 percent per MIL-C-5011A

Figure 7. Analysis of Typical Mission.
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Engine Data

The engine data given in Table VI were used throughout the
study. These data were obtained from specifications and bro-
chures. No attempt has been made at this stage to judge the
engine's prospects for full development.

Installed engines are rubberized on the basis of a presently
available engine with growth potential. The installed weight
and specific fuel consumption are based on a present model at
its current power rating; logical growth trend curves are used
to extrapolate the engine weight and specific fuel consumption
to values required by any specific configuration.

Rubberized engine characteristics based upon the LTC4B-11 engine
were used throughout the optimization. Actual engine character-
istics for several engine combinations were then used to calcu-
late the final weights and performance.

PARAMETRIC WEIGHTS AND PERFORMANCE COMPUTER PROGRAM

The parametric analysis computer program iterates to a mutually
consistent set of component weights and drags, power required,
blade chord, and mission fuel for a given set of independent
geometric variables and a given mission. The cargo compart-
ment dimensions derived from the cubage analysis defined the
lower limit for sizing the fuselage. In this indirect way,
the lower limit of rotor radius was determined for a given tip
overlap and the initial conditions were established for iter-
ational sequences of the performance computer program. Air-
craft trim, cruise and hover power required, and fuel flow are
computed directly for the mission and integrated to yield
miss.on fuel weights so that the computer output reflects all
the imposed crit:eria, and changes in input can e compared on
an overall basis,

Program Flow

The basic units and flow diagram of the parametric computer
program are shown in Figure 8. From the input values, which
include an initial approximation of design gross weight, the
helicopter geometry can be defined, and the fuel, power, blade
chord, weight empty, and drag can be computed.

From the initial approximations of design gross weight and
mission fuel, a weight empty and a design gross weight are

31
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calculated. The hover criterion is then satisfied and the
blade chord is determined by the solidity required. A new
gross weight is now calculated, consistent with the hover
criterion. This process is repeated until the initial and
final design weights are identical.

Fuselage attitude and blade stall are checked on the two
forward-flight portions of the mission: at the start of the
mission, and at midpoint just before the inbound portion. If
fuselage attitude is outside the boundaries, cyclic pitch is
added; if retreating blade stall is encountered, chord is
added. When both criteria have been met, a new weight empty
is computed, the computation is made for mission fuel, and a
new design gross weight results. This weight is compared with
that calculated from the hover criterion, and the computation
is repeated until convergence occurs.

When overall convergence is achieved, the computation is car-
ried through all the checks on imposed criteria. The final
numbers will therefore be consistent with the imposed criteria;
also, design gross weight, weight empty, chord, installed
power, and fuel for the mission will be compatible.

Draqg Trends

The helicopter total parasite drag is calculated by use of the
specified dimensions and component drag trend data. The drag
trends are established from existing helicopters for the follow-
ing drag components: fuselage, pylons, landing gear, hubs,
engine installation, roughness and leakage, miscellaneous, and
external payload drag.

Weight Trends

Component weights have been derived from Vertol-developed
weight trends, statistical data on existing aircraft, prelimi-
nary design layouts, and from vendors. The components con-
sidered in the parametric study are: rotor group (see Figure
9), body group, flight controls, powerplant, drive system (sege
Figure 10), landing gear, fixed equipment, fixed useful load,
variable useful load, and fuel tanks. By adding the mission
fuel and payload to the above items, the mission gross weight
is obtained. The WEIGHTS section of this report outlines the
parameters used for estimating weights,
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Hover Power Required

The hover criterion and fuel flow in hover were calculated by
using a hover-analysis electronic data processing program. The
profile and induced powers are computed separately and the
induced portion is corrected for the nonuniform inflow and over-
lap applicable to each configuration. Download is represented
as a ratio of thrust to gross weight and is computed internally:
the size of the fuselage and an average drag coefficient are
used as variables.

Forward Flight Trim and Power Required

The power-required analysis was used to predict fuel required
and blade stall in forward flight. Trim and control positions
are derived using the Wheatly-Bailey equations for rotor thrust,
horizontal force, and blade motion. When the helicopter is in
trim, power is computed with corrections for overlap, compres-—
sibility, stall, and reverse flow.

MISSION CARGO CUBAGE ANALYSIS

Since the contract missions did not define cubage, Vertol
Division has initiated a mission cargo cubage analysis program
to identify the number, size, and weight of all equipment
organic to Army units and combinations of units. The program
optimizes the distribution of the equipment by net weight,
cross-country weight, or highway weight, and distribution of
length, width, height, and reduced height. The analysis pro-
vided the data required to determine the size of the cargo
compartment for the traisport -- 540 inches long, 144 inches
wide, and 108 inches high -- and the equivalent ground-to-
fuselage clearances necessary for the crane/personnel carrier.

Tables VII and VIII summarize some of the computer program
output. Table IX shows the distribution of the ROAD division's
engineer equipment by net weight. As can be seen, a 12- to 20-
ton payload helicopter has a significant capability to move
divisional equipment from ships offshore, across obstacles, or
from airheads to the combat area. Table VII shows the percent-
age of equipment air transportable when the equipment's dimen-
sions are considered. Table VIII shows the percent of equip-
ment within a given net weight that will fit within the
dimensions chosen by Vertol Division for a heavy-lift helicop-
ter: 540 inches long, 144 inches wide, and 108 inches high.
Table VIII shows that, with a payload of 12 tons and the cargo
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Drive System Weight in Pounds

Zo%all
Y /’L
Wps = AKp_ pav.
I .é
Heavy-Lift Helicopteri§ l/////
10 0, =
] © Heavy-Lift [T
¢§ . u
e Hellcopter__
< N = Y
«° Wps = BKp® ;
Y
103
O Tandem-Lift Rotor +
0O Single-Lift/Antitorque
100 -
0. 10 100 1000
= f(HP N
where kp= £(HP , N.)
W HP, is Transmission Design Horsepower B
Ny is Rotor Hover RPM
K is Drive System Weight Factor
A is Multiplying Constant for Standard Trend
B is Multiplying Constant for Advanced
Technology Trend
]y is Exponential Power Factor for K |

Figure 10. Drive System Weight Trend.
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TABLE IX
ENGINEER EQUIPMENT

Item Weight

(tons)

Dump truck, 2% ton WWN 7.80
Air compressor, 210 CFM 8.20
Roller, gas driven 10,10
Bridge, fixed, highway, aluminum 38 ft 10.75
Bituminous distributor, 800 gal 11,00
Dump truck, 5-ton WWN 11.30
Crane shovel, 20 tons, 3/4 va3 13.60
Grader, road motorized 13.60
AVLB bridge, CL 60 3 14.30
Loader, scoop type, 2% Yd 14.80
Universal engineer tractor 14.00

TABLE X

AIR-TRANSPORTABILITY OF MISSILE SYSTEMS

Missile Heaviest Item of Weight.
System Equipment _(tons)
Hawk M36 Truck cargo’ 6.9
Sergeant M52 Truck tractor 9.2
Lance Transporter - Loader 11.5
Pershing Transporter - Launcher 12.0
Mauler* Transporter - Launcher 15.0+

*Since the Mauler system is still in development, the exact
weight of equipment has not been set.

.y oy w—— -
o

TABLE XI

_ HIGH-PRIORITY EQUIPMENT
Equipment ' Weight
(tons)
CH-47* 9.150
OV-1%* 5.497
CV- 2% 11.275
Pershing missile 5.000
F-105 D 14.000
F-4B 14.000
F-5A 3.980
F-111 21.000

*Empty weight + fixed useful load (weight of crew)
T =R E T e T e s s SR W T T T e T T 5 s e i s s ey
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compartment size described, the heavy-lift helicopter can carry
91.38 percent of the infantry division's organic equipment
items; these items represent 58.9 percent of the total net
weight of the infantry division's organic equipment; payload
capabilities for the airborne, mechanized, and armored divi-
sions are shown as well.

By compar.ing Tables VII and VIII, it can also be seen that the
percentage of equipment transportable changes only slightly
when a dimenzion change is made, which indicates that the size
chosen for the cargo compartment is satisfactory.

Tab runs from Vertol Division's Tactical Loads Computer Pro-
gram (on which Tables VII and VIII are based) show the equip-
ment items weighing 500 pounds or more organic to an infantry
battalion of an infantry division, and the distribution of
this equipment is shown by net weight. There is similar data
for all ROAD divisions and the air assault division, sorted by

" division and by battalion. Other distributions are made %

cross-country weight, length, width, height, and reduced height;
they include all equipment, and equipment weighing 500 pounds
or more.

Table IX shows some of the engineer equipment to be moved to
repair, construct or maintain roads, airfields, railroads,
seaports, and pipelines on bridges. As can be seen in Table
IX, most of the required engineer equipment is too heavy for
today's existing helicopters.

Tables X and XI pertain to a mission for movement of high-
priority loads such as aircraft, missiles, or missile systems.

A mission for movement of specialized pods, such as maintenance,
hospital and command pods, does not necessarily affect the de-
sign of a heavy-1ift helicopter, since today's pods are restrict-
ed to today's payloads and cargo compartment dimensions. A
helicopter designed for high payload would allow heavier pods.

OPTIMIZATION OF TANDEM-LIFT ROTOR SYSTEM

Iterations for Transport Mission

The transport mission with a l2-ton payload and a 6000-foot,
95°F hover requirement is the critical mission with regard to
installed power and rotor radius. Therefore, the transport
mission was analyzed first. Figure 1l illustrates the results
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of the computer program's initial iterations for the transport
mission. It shows the trends of gross weight, basic weight,
fuel weight, and installed power required at 6000 feet, 95°F,
with variations in rotor radius, tip speed, blade twist, and
mean blade-lift coefficient. It is seen that for minimizing
power required, takeoff weight, basic weight, and fuel weight,
rotor radii of 40 to 45 feet and a tip speed of about 700 feet
per second are indicated. Blade twist and mean lift coeffi-
cient do not affect the weight or power very much. The drive
system was sized and weighed to absorb the sea level standard
day installed power necessary to produce the power required at.
6000 feet, 95°F.

(The data shown on Figure 11 should be used to evaluate trends
only. The derived values or dependent variables are based on

a full-rated drive system and on the normal-construction weight
trends which were used in the beginning of this study while
weight trends reflecting advanced materials and design tech-
niques were being completed.)

A mean blade-lift coefficient of 0.60 was selected. This value
is conservative to ensure adequate hovering control. Somewhat
lower weights would result from a higher design EL' but with a
risk of deteriorating hover control, and the smaller blade area
would increase the difficulty of obtaining a power-limited
maximum speed free of blade stall. No decision on blade twist
was made at this point, although =9 degrees was chosen to be
carried through the next iteration.

A second iterational analysis was conducted, as shown in
Figure 12, At this point, the advanced-construction weight
trends were used. For comparison, the normal-construction
weight trends are also shown. A radius of 40 to 45 feet and a
tip speed of 700 feet per second are again indicated. 1In order
to apply further empty weight and flat-plate-area corrections
to the results shown, a series of correction curves for them

is also indicated.

Analysis of Heavy-Lift Mission and Inteqration of Mission
Weights

The heavy-lift (20-ton) mission was next analyzed for 40- and
45-foot blade radii (see Figure 13). Blade radius and the
group weights required for the heavy-lift (20-ton) mission
were compared with those for the transport (12-ton) mission.
The heaviest group weight required of either mission was used,
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and the total of these weights results in the integrated
mission weights., Table XII describes the integration of
weights. Exceptions to taking the heaviest of the transport
and heavy-lift mission weights were those weights that were
based on installed, rather than actual, power requirements.
Although installed power gives a measure of growth potential,
optimization for the missio~s dictates the use of actual hover
power requirements. The transport mission analysis overdesigned
the drive system to absorb the sea level engine power rating
corresponding to the 6000-foot, 95°F, power requirement. The
transport mission was then recalculated for both radii with
integrated weights. Figure 14 illustrates this for the tandem.

Rotor Radius

Figure 12 indicates that the trend of gross weight with radius
is very flat between 40 and 45 feet. The radius was therefore
selected to minimize the power required; the blade tip clear-
ance required by the fixed distance between rotors was kept in
mind. A 33-percent maximum overlap has historically been
found to ensure good blade clearance for a three-bladed rotor;
this would indicate a maximum blade radius of 43 feet. The
43-foot radius has a low enough value of hover power required
that four T55-I~11 or T64/S4A engines may be used (see Figure
15). A reduction in blade radius would be permissible with
three 501-M26 engines (to 41 feet), or four T64/S5 engines

(to 36.5 feet), but there would be no significant weight
saving, and the reduction in size is not enough compensation
for the loss of flexibility and growth potential available
with a 43=foot rotor.

Tip Speed

The tip speed of 700 feet per second and resulting solidity
of 0.0777 for the selected design T; of 0.6 were chosen to
minimize the gross weight and hover power required (see
Figure 16). Also, 700 feet per second is a desirable tip
speed to provide a maximum speed potential of about 180 knots
(for an assumed low drag configuration) with the power, stall,
and compressibility limit speeds all well matched (see Figure
17).

Number of Blades

The number of blades (three) and the blade chord (3.5 feet)
were chosen for minimum gross weight. A four-bladed rotor
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NOTES :

1, Tandem-lift rotor transport; advanced airframe
construction unless noted otherwise; l2-ton
mission

2, Cargo compartment 144 inches wide, 108 inches
high, 540 inches long

3. Four engines

4. Three-bladed rotor; 6, = -9 degrees, Cp = 0.6

5. Tip speeds in feet per second (700 unless noted
otherwise) :

© = 600
V=700

= 700 (normal airframe construction)
O = 800

6. 30-foot rotor radius:

4046 shaft horsepower per engine
5.61-foot chord

80,224 pound takeoff weight
47,483 pound basic weight

8742 pound fuel weight

7. 40-foot rotor radius:

3033 shaft horsepower per engine

4,.03-foot chord

79,694 pound takeoff weight

47,478 pound basic weight

8216 pound fuel weight 7

8. 50-foot rotor radius: T .
2702 shaft horsepower per engine 2 ‘T\\ﬂﬁ_-ﬂ%
3.33-foot chord 30 40 50
83,596 pound takeoff weight
51,287 pound basic weight
8309 pound fuel weight

5000

{9
o
=
=
3> 8

95°F

w
o
o
o

N
o
o
o

Shaft Horsepower per Engine

at 6000 Feet,

e

=

AN

P20
V%

>
/

Rotor Chord in Feet

Rotor Radius in Fe

(Refer to
Notes 1 through }

Figure 12. Second Iteration of Transport Mission.
(Sheet 1 of 2)
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Figure 13. 20-Ton Mission Weight and Performance Study for
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Figure 14. 12-Ton Mission Weight and Performance Study for
Tandem-Lift Rotor Helicopter.

%

51

T T AT S, _aaa M = -




sautbus aaxyl pue

UOTIONIISUOD SWRIIJITE TRUOTIUDAUOD = @
sauthus In0o3J pue puooas aad 3993 00L = paads mwu
UOTIONIISUOD SWeIJITe TRUOTIUDAUOD = @ s291bap €- = o
sautbus 291y3z pue :I030x pIpeTq-I3IYlL °¢
UOT3IONIISUOD SueIJITe paodueape = @ buoT sayour 0¥Ss ‘ybry
sauTtbua aInoy pue s9YOuT 80T ‘OPTIM SaYouT FpT Iuswizedwod obaed °g
UoT3dONIJISUOD SWeIFITe PIADUEAPE = © UOTSSTW uo3l-Z1 {3xodsuexl Io3jox 3JIJTT-wepue] °T
:sToquis *§ * SHLON
) )
w. b. — w. w. b. — w.
000’09 o
]
: 0 : 000‘0L -
mumn - ——t T.r.m..w &
00008 “ @
00006 E u
| &z
000‘00T -
Q
=2
L 000‘0TT (5
0009
o]
c
)
| = |
3ybTeM oTSsed - 000L 2
|| &
o
q
T-
0008 S
| 3
3ybToM FIOINEL — =
o
0006
0oo0‘o0¢
>
-I-o
H
R
. == -
Fh
iyt % 8 . . _. [EB_,-AF

.




A e et T Sy = S

*d06S

‘I9ART ©98 3R IIA0Y 03 paatnbax Burjex zamod POTTLISUT TIA3T ©IS UOC pased IUDIIMsas
*paubIs3aPIBA0 SR PITIIPTSUOD SIOIIIIYI pue J,56

3933 0009 3I® I12A0Y 03 paxrnbax burjex aamod PITTLISUT [IAST €IS UO pIseq IYDTIM «

L1Z8 o vizs 068¢ v1z8 3ybrem TONg
LIEOY 8LLI S60ZY €OTTV ZISLY 3ybram OTseg
088 0 (o]:1:] 088 088 pecy Injyasn PaxTd
TO0€S 0 T0€S T0€S TO€S JududInbzy paxta
8089 o 8089 »» 8089 «6L56 wa3sig aatag
91¢ o 91¢ 01 91¢ syuey, 1ang ﬁ
sobY 434 (1]4°1 »¥BSLE 1 2°14 juerdasmog
(TedT3I3)) ™
8601 : 911 vizt P 254! +€SST STOI3U0) IYSTITL )
(x2ddn)
656 LT1 9,01 »#9L0T » EVPT sToajuo) 3IYbTIL w
(3Td¥00D) |
962 0 962 962 062 sT0I3uU0) 3IY6ITL
1"
ozsv 6v1 696V 696% T99% Iean burpueq |
6€06 LLE 91¥6 91¥6 0LT6 dnoxp Apcg
z6€9 £vs SETL »¥SETL %6196 dnoxp 1030y
sbutaAesg “I3sUO) (Pusxy,
aybrom poadurApPY 3uUasaag) UOTSSTW UOTSSTH wol I {
@ siybram wox3y sbutraes s3ybram uoL-0Z uog-z1
pa@3jexbajug Iybiom po3jeabajur
3

YALJOOITIH YOLOY IJAIT~-WIAANVL —- SNOISSIW
LIIT-XAVEH NV LIOdSNVIL ¥0d SIHOIAM 40 NOILVIOIINI
IIX T4Vl




rd

[T
° 16,000
N
o
0
0
B
S 14,000
o
']
e
o
D \
5 12,000
ot
: \
g \_
" \\l\
2 L
2 10,000
Y
100,000
0
g
8 Gross Weight
80,100
| ’ -
iy ‘4.—”’)j'
L
o
p
=
§ 60,000
§ Basic Weight
e
< L .
‘. /
40,000
30 40 50

Rotor Radius in Feet

Figure 15.

)

)

=]

o ¢

> 5

B\
< 0

w &

g &g

] (U =

-~ oA

© 0

N m

)

0

N

L

3]

Four T55 Engines
Four T64/S4A Engines

NOTES:

1. Vt = 700 feet ver second
2. gt = =9 degrees

3. CL = 0.60

4.

5.

Cargo compartment 144 inches
wide, 108 inches high, 540
inches long

@® = selected geometry

Selection of Blade Radius and ﬁngine Combina-

tions,

54




# 12,000
[
o
o n
[T
£ \ /
g+ 11,000
&)é ' g//
]
22 i
S 3 10,000
0.15
0
by
o 0.10 0.0777
- /”
3 "‘i\ o
0.05 !
0
5
g Gross Weight
, 80,000 | . <
b
o
o~
$ 60,000
Fo Basic Weight
o
H \‘~ #
[§] F
.5 40,000 =
0.60 0.65 0.70 600 700 800
¢ Tip Speed (V,)
= - feet per second
NOTES:
l. Cargo compartment 144 inches wide,
108 inches high, 540 inches long
2. Rotor radius = 43 feet
3. Twist (6,.) = -9 degrees
4, Assume tip speed = 700 feet per second
to select CL
5. Assume C_ = 0.6 to select tip speed
6. ® = selected geometry

Figure 16. Selection of Design EL: Tip Speed, and
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Forward Speed in Knots

220

N L~

| I
Compressib

| I
ility Limit

200

HAN

L Rotor Maximum Continuous

Cruise Speed Limit
4LL4=

180 ///,

Transmission Power Limit
at Reduced Flat-Plate Area

y.
/ N
160 ‘ \
\‘
140
120
600 650 700 750 800

Tip Speed in Feet per Second (Vt)

NOTES:

l. Gross weight = 75
2. Altitude = 2500 feet

000 pounds

Figure 17. Effect of Tip Speed on Speed Limitations.
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Figure 18. Selection of Number of Blades, Chord, and Twist.
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system requires a gross weight approximately 3000 pounds
heavier: 2000 pounds for the severe static-droop weight
penalty of the higher aspect-ratio blades, and 1000 pounds
for the increase in fuselage length to provide intermeshing
blade clearance. Five or six blades would increase these
weights even more (see Figure 18).

A brief dynamics study showed that four blades would produce
lower rotor vibratory forces than three blades. However,
response characteristics considered in design of the fuselage
would minimize the response levels of any desired frequency,
and the net benefit in vibration level of a four-bladed system
would not compensate for the 3000-pound weight penalty. Proven
devices to reduce vibration are available.

Airfoil Section

The constant spanwise thickness distribution and NACA 23012
airfoil section were selected for ease of manufacture and
quick development time, and for inherent droop-stiffness and
blade-stall characteristics.

Blade Twist

A blade twist of -12 degrees was originally selected to prevent
blade stall at the potential 180-knot Vpax of a cleaned-up
configuration with retracted landing gear (see Figure 19).

In addition, the hovering performance is somewhat improved over
that obtainable with lesser amounts of twist (see Figure 18).
Much of the rotor design study was conducted using this
original value of -12 degrees. A review of blade twist was
subsequently conducted, however, and the results indicate that
a value of -9 degrees is acceptable from a performance stand-
point, and may be more desirable from a stress standpoint.

The originally selected value of =12 degrees would still be
desirable from a performance standpoint, but all the mission
requirements will be met with a twist of -9 degrees, and a
power-limited forward speed of 163 knots can be obtained with-
out exceeding rotor aerodynamic limits and with no increase

in blade area.

The initial selection of a twist of -12 degrees was based on a
relatively simple analysis of a streamlined growth configura-
tion with retractable landing gear, for which the angle of
attack at the retreating blade tip was kept below the stall
value (see Figure 19) at the power-limited forward speed.
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Forward Speed in Knots

200
Rotor Maximum Continuous //
Cruise Speed Limit
190 s et ] /
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180 ,;
/} /
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NOTES : ,
1. Gross weight = 75,000 pounds
2. Altitude = 2500 feet

Figure 19. Effect of Blade Twist on Maximum Speed Free of
Blade Stall.
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This selection was to be reviewed for the rotor design phase,
especially with regard to the structural and dynamic effects.
The aerodynamic effects have also been reviewed with more
advanced theoretical considerations; the effect of twist on
hover performance and blade stall was considered.

Effect of Blade Twist on Hover Performance

The hover performance was compared at the 6000-foot, 95°F
gross weight for the transport mission. Figure 20 shows the
effect of twist on the transport's maximum hover gross weight
at 6000 feet, 95°F, for both the T55-1-1l1l and T64/S4 engines;
takeoff gross weight is also shown for each engine installa-
tion. The hover performance margin increases with blade twist,
from 500 pounds at -6 degrees with T64/S4 engines to 3500
pounds at -12 degrees with T55-1~11 engines. On this basis
alone, it would be obviously desirable to design the blade for
-12 degrees or even more,

Effect of Blade Twist on Blade Stall

The conditions at which the rotor aerodynamic speed limit
(blade stall) was investigated were based upon the Vertol-
imposed requirement that the aircraft be free of rotor aero-
dynamic limits at all speeds less than normal-rated-power
Vmax at the following conditions:

l. Hover gross weight (6000 feet, 95°F) at an
altitude of 5000 feet, standard conditions.
This is the 12-ton mission weight.

2. Design gross weight at sea level standard con-
ditions. This is the 20-ton mission weight.

This requirement that the aircraft reach power limit before
rotor aerodynamic limit is appropriate for the heavy-lift
helicopter because it provides some measure of power-limited
speed capability without compromising the mission hover
requirements.

The local blade angle of attack was computed using Vertol Divi-
sion EDP programs, and contour plots (Figure 21) were con-
structed. For comparison, the CH-47 contour map (Figure 22)
shows an acceptable flight condition demonstrated in flight
test. The crosshatched areas on each plot indicate possible
stalled areas: angles above 14 degrees for the Chinook
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symmetrical airfoil (NACA 0012), and angles above 16 degrees
for the heavy-lift helicopter drooped airfoil (NACA 23012).

It can be seen that as the twist increases, the stalled areas
diminish in severity. At the twist of -10 degrees, the heavy-
lift helicopter rotor has approximately the same character as
the acceptable Chinook rotor condition.

Figure 23 shows the rotor angle-of-attack contour for the
heavy-1ift helicopter at the design gross weight of 87,000
pounds and a speed of 165 knots at sea level, which is in
excess of the normal-rated-power speed of 163 knots. At the
twist of =10 degrees shown, the stalled area is less severe
at design gross weight than at 75,700 pounds, 5000 feet, 170
knots.

Vertol Division has recently established a criterion for rotor
aerodynamic limits based upon Chinook flight test data and has
presented it in the form of Cp/¢g versus v, This is shown in
Figure 24. The projected limit line for the heavy-1lift heli-
copter is extrapolated from the Chinook data, accounting for
droop airfoil section, and propulsive-force and tip-speed
differences. Th: points shown represent the heavy-lift heli-
copter Vpax conditions at normal rated power and the Chinook
condition depicted in Figure 22. All these conditions are
within the aforementioned rotor aerodynamic limits. Since the
Chinook rotor blade with which the test points were obtained
has a blade twist of -9 degrees, the same value should be
acceptable for the heavy-lift helicopter.

Transmission Rating

A 12,000-shaft-horsepower transmission rating will provide
enough power for both hover requirements. The l12-ton mission
at 6000 feet, 95°F, requires 10,960 shaft horsepower; 20 tons
at sea level requires 11,500 shaft horsepower.

Final Confiquration

The aforementioned selections have been based on the transport-
type fuselage and the flat-plate area associated with this
type. A brief study to determine their applicability to the
crane/personnel carrier-type fuselage showed that, for the
100-nautical-mile mission, the lighter structural weight of
the crane/personnel carrier is partly offset by i:he additional
fuel required. Although the transport mission takeoff weight
of the crane/personnel carrier is about 1600 pounds less than
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NOTES : v =0
l. Aft rotor
2. Gross weight 75,700 pounds Zi Reverse flow region
3. Altitude 5000 feet, standard =
4. Airspeed 170 knots ,
5. 64 = -6 degrees é%%% Angles of attack
: greater than 16 degrees
7. v = 0.4030

Figure 21. Angle-of-Attack Distribution of the Tandem-Lift
Rotor at 75,700 Pounds, 5000 Feet, 120 Knots.
(Sheet 1 of 4)
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Altitude 5000 feet, standard N

............
.............
............

Airspeed 170 knots st Reverse flow region

8¢ = -8 degrees

Cpl /o = 0.09179 %%z% Angles of attack greater

p = 0.4032 than 16 degrees
Figure 21. Angle-of-Attack Distribution of the Tandem-Lift
Rotor at 75,700 Pounds, 5000 Feet, 120 Knots.
(Sheet 2 of 4)
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NOTES: vy =0
Aft rotor

°F r

2. Gross weight 75,700 pounds 2%%2 Angles of attack

3. Altitude 5000 feet, standard greater than 16

4. Airspeed 170 knots degrees

5. 84 = -10 degrees — _
6. ch/0 = 0.09153 gy Reverse flow region
7. = 0.4034

M
Figure 21. Angle-of-Attack Distribution of the Tandem-Lift

Rotor at 75,700 Pounds, 5000 Feet, 120 Knots.
(Sheet 3 of 4)
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NOTES: v =0

1. Aft rotor

2. Gross weight 75,700 pounds

3. Altitude 5000 feet, standard

4. Airspeed 170 knots {i% Reverse flow region

5. 8¢ = -12 degrees 9

6. C,rl/c = 0.09128 % Angles of attack greater
7. w = 0.4037 than 16 degrees

Figure 21. Angle-of-Attack Distribution of the Tandem-Lift
Rotor at 75,700 Pounds, 5000 Feet, 120 Knots.

(Sheet 4 of 4)
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NOTES:
l. CH-47A aft rotor
2. Test weight 28,290 pounds, cg 16.7 inches aft
3. Altitude 5000 feet; trim 3/5
4., Airspeed 126 knots; 230 rotor rpm
5. 64 = -9 degrees % Angles of attack
t 9 % g
6. CTl/o = 0.0906 Aé%z greater than 14
7. u = 0.2989 degrees
8. Xo = 0.195 H#% Reverse flow region
Figure 22. Angle-of-Attack Distribution of the CH-47 Rotor

at 28,290 Pounds, 5000 Feet, 120 Knots.
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Aft rotor

Gross weight 87,000 pounds
,Sea level standard
» Airspeed 165 knots %ﬁﬁﬁ Reverse flow region
8¢ = -10 degrees
C

Tl/_q o=og;ggg32 %%ZZ Angles of attack greater
g than 16 degrees

Figure 23. Angle-of-Attack Distribution of the Tandem-Lift
Rotor at 87,000 Pounds, Sea Level, 165 Knots.
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that of the transport, the same rotor geometry is considered
desirable, with resulting increases in hover capability, or
payload.

As indicated in the description of rotor radius, any of several
engines may be used with the selected rotor radius. The rotor
system geometry is therefore applicable to different fuselage
types and to several different engines. As a demonstration of
this, the final weights and performance values of six tandem
versions (three engine combinations for each fuselage) are de-
rived in a subsequent section.

OPTIMIZATION OF SINGLE-LIFT/ANTITORQUE ROTOR SYSTEM

Essentially the same procedure as for the tandem-lift was used
for optimizing the single-lift/antitorque rotor. On the bhasis
of the results of the tandem-lift rotor study, a blade twist of
-12 degrees, an NACA 23012 airfoil,and a hover €1, = 0.6 were
selected and used throughout the study. Rotor radius, tip speed,
and blade chord were then selected from tradeoff studies con-
ducted on the parametric computer program, taking into consider-
ation the empty weight, gross weight mission fuel weight, and
hover required. Figures 25 and 26 are examples of these trade-
off studies. The following rotor geometry results from the
optimization:

l. Rotor radius 48 feet

2. Blade chord 4.0 feet

3. Tip speed 700 feet per second

4. Blade twist ~12 degrees

5. Number of blades 5

6. Transmission rating 15,500 shaft horsepower

FINAL WEIGHTS AND PERFORMANCE

Final weights and performance values were calculated for the
single~lift/antitorque rotor system and the tandem-1lift rotor
system using several fuselage and engine combinations to demon-
strate the applicability of the optimized rotor systems.

The single-lift/antitorque rotor system is shown for both the

transport and the crane/personnel carrier with four 501-M26
engines. The tandem-lift rotor system is shown with both
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fuselages for each of three engine combinations (three 501-M26's,
four T55-L-11's, and four T64/S4A's), which results in a total
of six versions,

Group Weight Estimates

Having defined the final configurations, the group weights were
established using the selected transmission ratings and rotor
geometry, and actual engine weights, These are shown in the
summary weight statements for two single-lift/antitorque rotor
configurations with four 501-M26 cngines and two tandem-1lift
rotor configurations with four T55-I1-11 engines. Overall ad-
justments to the tandem-lift rotor configuration's empty weight
are made to reflect also the three 501-M26 engines or four
T64/S4A engines, the reiterations from the rotor detail design
study, and the drive system weights estimated by building-block
methods.

Mission Fuel Weights

The missions were then recalculated using appropriate fuel flow
for each engine, and final mission fuel weights were determined,
considering each of several cruise speeds.

Ferry Range Calculations

The ferry range calculations were performed by determining the
99-percent optimum specific range versus gross weight for each
of several altitudes. A 10,000-foot operational limit was
conservatively assumed to allow missions without the need of
oxygen or pressurization equipment. Operation with one engine
shut down was also considered for the tandem-lift rotor con-
figuration; it was found to provide superior range character-
istics. For the single-lift/antitorque rotor machine, opera-
tion is shown with two engines shut down, since this is re-
quired to provide the best matching of engine fuel flow
characteristics with aircraft power required.

Weights and Performance Summary

Table IV shows the results of these final weight and perform-
ance estimates; from it one may make the following observa-
tions:

l. The optimized single-lift/antitorque rotor machine
has a gross weight for the transport mission 6000
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pounds greater than the optimized tandem=1lift rotor
configuration. The required transmission rating is
3500 shaft horsepower greater, and the required fuel
is 2200 to 1000 pounds greater, depending on the
powerplant of the tandem-lift rotor configuration
with which it is compared.

For the tandem-=1lift rotor configuration, the effect
of engine selection on gross weight for the trans-
port (l2-ton) mission is small -- 700 pounds at most--
but the effect on fuel weight can vary as much as

1000 pounds.

The gross weight of the tandem-1lift rotor transport
is about 1600 pounds heavier than that for the tan-
dem crane/personnel carrier, for the required trans-
port mission. However, for this comparison, the pod
weight was neglected and considered to be part of
the 1l2-ton payload. Since the pod would weigh con-
siderably more than 1600 pounds, the gross weight for
the crane/personnel carrier would be more than that
for the transport if the pod weight were considered
to be other than payload.

The tandem-lift rotor configuration performs the
transport mission (l12-ton payload) at cruise speeds
up to 167 knots with the transport type fuselage,
and up to 150 knots with the crane/personnel carrier
fuselage.

The performance reserve in hover is as much as 4900
pounds for the three-engine 501-M26 configuration
at 6000 feet, 95°F. As pointed out previously, this
has been achieved with no penalty in the efficiency
of performing the mission.

The required ferry range of 1500 nautical miles can
be achieved with all configurations, although the
ferry range of the crane/personnel carrier is 100
nautical miles shorter than that of the transport.
More than 1900 nautical miles can be achieved with
both the three-engine 501-M26 installation and the
four-engine T64/S4A installation.
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CONFIGURATION SELECTION

A review of derived weight empty and fuel weight shows signif-
icant margins in favor of the tandem-lift rotor configuration.
This and the other margins forming "sufficient conditions" for
the selection of a configuration indicate that the tandem-1lift
rotor configuration should be chosen over the single-lift/anti-
torque rotor configuration. The favorable margins forming the
sufficient conditions are:

1. Weight empty

2., Fuel weight

3. Power required

4., Large cubage

5. Great center-of-gravity range

6. Hover attitude control independent of center-of-
gravity positions.

Table IV summarizes some of the margins in favor of the tandem-
lift rotor configurations.

EFFECT OF MISSION CRUISE SPEED ON PAYLOAD

Figure 27 shows the effect of cruise speed on the transport
mission payload for three tandem-lift rotor versions of dif-
ferent drag values, all with T55-L-11 engines. It is assumed
that the aircraft are operating at the maximum gross weight

for hovering out of ground effect at 6000 feet, 95°F. It can
be seen that as the outbound speed increases from the required
110 knots, the payload increases, reflecting the better specific
range, until the best range speed is attained. For the trans-
port version, the best range speed is 130 knots, at which point
the payload can be 25,400 pounds. An outbound maximum cruise
speed of 167 knots is possible, with a payload of over 12 tons.
The maximum cruise speed of the crane/personnel carrier is
limited to 150 knots, but it has a payload at that speed of
over 13 tons, including the pod weight. For the transport
mission, the weight penalty of retractable landing gear pre-
cludes any net benefit unless the speed requirement is in-
creased to 160 knots or higher.
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The heavy-1lift helicopter inherently has high speed and ferry
range potential due to the 6000-foot, 95°F hover requirement
and the relatively high ratio of gross weight to flat-plate
area associated with a large aircraft. Because of its long
landing gear structure and the downward extension of the crew
cabin for the loadmaster's station, the crane/personnel carrier
has greater drag than the transport. The ferry ranges are
correspondingly shorter. Speed and ferry range can be in-
creased by the following:

l. Improve drag characteristics of hub and pylons.

2. Use regenerative engines to decrease the specific
fuel consumption.

3. Shut down some engine(s) when operating at low power
to decrease the specific fuel consumption.

4, Use yawed flight to increase span loading and to
decrease induced power @t the altitudes for best
range.

EXPLORATORY DYNAMICS STUDY

A brief dynamics study investigated the effect of number of
blades on hub vibratory forces for the following cases:

1. Number of blades 3 and 4

2. Gross weight 87,000 pounds

3. Helicopter cg position 8 inches forward

4, Rotor tip speed 700 feet per second

(1555 rotor rpm)
5. Airspeed 130, 150, and 170 knots

Rotor loads were determined by a comprehensive structural roter
analysis which considered nonuniform downwash effects. Blade
structural properties were derived by scaling-up CH-47A blade
properties.

Natural frequency spectra were obtained for both rotors to

ensure dynamic similarity between the blades. 7he 8spectra
presented in Figu.-~» 28 show the blades to be very similar.
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Payload Outbound in Pounds

27,000 ‘

},,~—

Crane/Personnel Carrier
(Payload Includes Pod)
| 1 1 |

26,000

Transport I

Transport (Fixed Gear)

"(Retracted Gear)

AL

_,X....___, i

Max

25,000 -
)!/

i

///’

Required Payload

24,000

‘h“‘REquired Outbound

Speed = 110 Knots

| ]

23,000, 100 120 140 160 180
Mission Speed Outbound in Knots
NOTES: L.
1. 100 nautical-mile radius l2-ton transport mission
2. Internal payload outbound only
3. Inbound cruise speed same as outbound cruise
speed, but at least 130 knots
4. Load to maximum hover gross weight at 6000 feet,
95°F
5. Five minutes hover; l0-percent fuel reserve
6. Four T55-L-11 engines
7. Weight and Drag: Flat Plate Weight Maximum Hover
Area Empty Gross Weight
(square feet) (pounds) (pounds)
Transport (fixed gear) ' 95.6 42,224 77,300
Transport (retracted gear) 74.0 42,877 77,300
Crane/personnel carrier 138.6 39,769 77,100

Figure 27.

of Tandem-Lift Rotor Helicopter.
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The first bending mocde is placed between 2 and 3 per revolu-
tion, far enough below the control 3 per revolution amplifica-
tion for the three-bladed rotor. The next mode, second flap
bending, is placed near 5 per revolution, free from amplifica-
tion of 4 per revolution for the four-bladed rotor. Third
bending is between 7 and 8 per revolution, the specific loca-
tion being related to the coupling occurring with the torsion
mode in the same region.

Rotor hub vibratory forces (shaking forces), both vertical and
in-plane, are presented in Figures 29 and 30 as 3 per revolu-
tion for the three-bladed rotor and as 4 per revolution for the
four~-bladed rotor. These are the predominant forces in each
case. Both graphs indicate reduced forcing levels obtained for
four-bladed rotors. The effects of these forcing functions on
the aircraft vibration level are not indicated, since no con-
sideration of fuselage response characteristics is possible at
this stage of the design.

Although the force level is analytically reduced with the four-
bladed configuration, it alone is not a guarantee of low vibra-
tion level. The fuselage response is still a key factor in
obtaining the overall response. In the detail design stage, a
fuselage analysis must be conducted to determine the fuselage
natural modes and the forced response of the aircraft to these
calculated rotor loads. The structural analysis program used
at Vertol Division has proven to be more accurate than past
efforts which used EI and GJ representations. Instead, the
fuselage is represented by its skin and stringers, a structural
matrix is formed, and then a dynamic matrix is formed from
that. The natural modes and frequencies obtained have proven
to be reliable when checked against ground shake tests.

As the fuselage design progresses, the analysis can be used to
determine modal locations and forced amplitude. If a three-
bladed rotor is used, then the stiffness properties can be de-
signed so that the modes are located away from 3 per revolution,
or similarly away from 4 per revolution for a four-bladed de-
sign. In this manner, reasonable assurance of an acceptable
vibration level can be made for a new aircraft.

A more detailed dynamics analysis, including fuselage response
to hub loads, is described in STATIC AND DYNAMIC STRUCTURAL
ANALYSIS. The illustrations shown here (Figures 28, 29, and 30)
are for comparative purposes only. This four-bladed rotor dy-

namics analysis has been included to project the growth of the
heavy-1lift helicopter.
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l. Tandem-lift rotor transport
2. Blade radius 45 feet
3. Blade chord 42 inches

Figure 28. Natural Frequency Spectra of Three- and
Four-Bladed Rotors. (Sheet 1 of 2)

81



4

BLADES

2000

- 10Q
Operating

Rotor Speed

O
D

AN

A

[o o]
<2

A

NN

WINRY

AC
g
:
? rFirst Torsional\L :: 60
1 1 1
0 . .
3 Third Flapwise
o 1000 Bending —— 2| 50
'8 /’/1 ’,,/’ .
- N
M Second Flapwise V/, d
; Bending —”"39
&
5 g el
i
First Flapwise _—_:::j—“’d L
Bending — /7—‘ 12
/ a
0 a
0 100 200
Rotor RPM (Q)
NOTES :
l. Tandem-lift rotor transport

2.
3.

Blade radius 43 feet
Blade chord 31.5 inches

Figure 28. Natural Frequency Spectra of Three- and
Four-Bladed Rotors. (Sheet 2 of 2)
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Relative r
Longitudinal
Load
(Fx) /
S
iy —_

110 130 150 170
Airspeed in Knots

Relative

Lateral
Load —
(Fy) i =

,_.-/ __‘_"".
-
~
L
110 130 150 170

Airspeed in Knots
NOTES:

1. Tandem-1lift rotor transport; gross weight

87,000 pounds; cg 8.01 inches forward
2. Blade radius 43 feet
3., —___ 3 blades 392 in-plane hub loads

------ 4 blades 4Q in-plane hub loads

Figure 29. In-Plane Hub Loads.
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Relative / //
Load '
(Fz) /7
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110 130 150 170
Airspeed in Knots
NOTES:

l. Tandem-lift rotor transport, gross weight
87,000 pounds; cg 8.01 inches forward

2. Blade radius 43 feet

3% 3 blades 30 vertical hub loads
------- 4 blades 49 vertical hub loads

Figure 30. Vertical Hub Loads.
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STABILITY, CONTROL, AND FLYING QUALITIES

Using the results of NASA-Langley and USAAVLABS investigations
as guidelines (References 2, 5, 6, and 17), Vertol Division
has analyzed the mission of the heavy-lift helicopter and has
developed requirements on control power and sensitivity that
will assist the pilot in the performance of his assigned task.
The helicopter characteristics used to calculate stability and
concrol requirements are as follows:

l. 1Inertia about X-axis 218,00C slug feet squared

2. 1Inertia about Y-axis 1,315,000 slug feet squared

3. 1Inertia about Z-axis 1,550,000 slug feet squared

4. Maximum gross weight 87,000 pounds

5. Minimum flying weight 40,000 pounds

6. Flat-plate drag area 96.5 square feet

7. Forward rotor shaft tilt 9 degrees

8. Aft rotor shaft tilt 4 degrees

9. Distance between rotors 59.5 feet

10. Cg 28.5 inches aft to 70.0 inches forward of center-
line between rotors

ANALYSIS OF MISSION REQUIREMEN?S

Longitudinal (Pitch) Control

The longitudinal (pitch) control requirement is of prime
importance to the heavy-lift mission. High control power is
needed to allow internal loading versatility and to provide
maneuverability in operations with both internal and external
loads. For this reason, in addition to the trim requirement
of MIL-H-8501A, paragraph 3.2.1, sufficient control has been
provided to generate a pitch attitude change in hover of

292/ (W+ 1000)1/3 degrees in 1 second with an apparent time
constant of 0.5 second. An additional margin of control equal
to the moment change due to the critical cyclic trim failure
is also provided.
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Lateral (Roll) Control

The lateral (roll) control arises from the trim requirement of
MIL-H-8501A, paragraph 3.3.9, with an additional maneuver mar-
gin. Although this provision is in excess of that required by
MIL-H-8501A, it allows a roll maneuver capability with a 0.3-
second time constant at all flight conditions.

Directional (Yaw) Control

The directional (yaw) control requirements are small in for-
ward flight since coordinated turns are made with lateral and
longitudinal controls, and trimmed sideslip reguirements are
modest (see Figure 31). The yaw control, then, arises from
the necessity to provide maneuverability in hover. The total
yaw control provided is 25 percent greater than that required
by MIL-H-8501A, paragraph 3.3.5. 1In view of the tandem con-
figuration's relative insensitivity to gust disturbance, it
is felt that this excess control is sufficient.

Control Power

To ensure that aircraft response characteristics are compatible
with the heavy-lift mission, the blade pitch envelopes (see
Figures 32 and 33) provide greater hover control powers
(radians per second squared) at maximum gross weight and with
greater margins than those required by specification MIL-H-
8501A:

1. Pitch: 0.14 required, 1,38 provided
2. Roll: 0.27 required, 1.25 provided
3. Yaw: 0.30 required, 0.38 provided

The combined cumulative collective and cyclic blade pitch
travels will be limited to 60 degrees of total travel on each
rotor as shown in Figure 34. This limit was provided so that
the blade pitch travels and actuators will not be overdesigned
to provide control that will never be demanded in actual flight
conditions. Centrifugal droop stops will permit full freedom
of blade flapping motion for full utilization of the blade
pitch motions provided.

Control Sensitivity

With the pitch control power provided, the heavy-lift's control
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"

sensitivity could be established at a level from that of the
H-21 up to that of the CH-47 for total control travels less
than the HIAD maximum limit of #7 inches. The maximum control
travel was tentatively selected to be 5.5 inches for the
following reasons:

l., The control sensitivity so provided, together with
the rate damping level of 4, 1/second, provided by
use of the stability augmentation system (SAS), is
compatible with NASA-Langley recommendations
(Reference 15) and MIL~-H-8501A requirements,

2. The sensitivity and damping are compatible with the
values for the other axes.

3. The control sensitivity may be increased or decreased
as further study warrants.

The hover momenl.L control sensitivities (radians per second
squared per inch) at maximum gross weight exceed the maneuver
requirements of specification MIL-H-8501A:

l. Pitch: 0.035 required, 0.250 provided;
5.5=inch total control movement

2. Roll: 0.090 required, 0.416 provided:;
3.0-inch total control movement

3. Yaw: 0.095 required, 0.125 provided;
3.0=-inch total control movement

The yaw control sensitivity listed is without quickening.
Quickening used with yaw control would provide an even greater
sensitivity for small inputs without increasing the total
differential lateral cyclic pitch level.

The angular rate damping about all axes will be augmented with
SAS to optimize short-period dynamic characteristics and pro-
vide rapid establishment of steady-state rate responses to con-
trol inputs. Figures 35, 36, and 37 indicate target levels of
SAS-augmented rate damping in hover.

Stability Augmentation

Specification MIL~-H-8501A (paragraphs 3.2.10 and 3.3.9) allows
a helicopter to be statically unstable in pitch and yaw under
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certain flight conditions. Static and dynamic stability re-
quirements may be met through stability augmentation. It is
suggested in Reference 24 that a mild degree of instability may
be tolerated following a failure in the stability augmentation
system. To meet this criterion with center-of-gravity 4-percent
aft of the centerline between rotors, the heavy-lift helicopter
will be configured with a delta-three rotor and suitable empen-
nage. This criterion will ensure a more natural feel of the
aircraft,as less reliance on the SAS will be warranted.

Longitudinal Cyclic Pitch Trim

For pilot comfort and low fuselage drag, g-programmed longi-
tudinal cyclic pitch is used to provide a level fuselage at
airspeeds greater than 100 knots. Because of the powerful
independent differential collective pitch moment control, this
attitude control can be achieved at any gross weight and
center-of-gravity location from 30 inches aft to 70 inches for-
ward (Figure 38). In hover, manually-selected aft cyclic pitch
is provided to obtain a level attitude for improved visibility
and ease in the acquisition of external cargo and straddling

of loads.

Flying Qualities

The tandem configuration will not be subject to yaw disturbances
in hover created by horizontal gqusts. This, together with the
level of longitudinal and lateral speed stability will produce
desirable spot hovering capability for the heavy-lift helicopter.
The high control power provided by DCP and the independent atti-
tude control provided by longitudinal cyclic pitch allows great
loading flexibility. Acquisition and off-loading of either in-
ternal or external cargo can be accomplished with negligible
attitude changes.

The articulated tandem-=lift rotor system is not only feasible
from a stability and control standpoint (requiring no state-of-
the-art advances in technology), but is also an ideal load
platform for the heavy-lift mission.

STATIC STABILITY

Satisfactory flying qualities of the heavy-lift helicopter can
be ensured by the provision of static stability in the basic

helicopter. The benefits are improved longitudinal short-period
dynamic characteristics, increased safety and pilot confidence

in high-speed SAS-off flight, and a reduction in SAS authority.
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Longitudinal (Pitch) Stability

Three means of providing inherent pitch stability were con-
sidered: pitch-flap coupling (delta-three) on the forward
rotor, location of the most aft center of gravity, and the
use of horizontal stabilizers.

In hover, the angle-of-attack stability derivative is meaning-
less. With increasing airspeed, the rotor system tends to
destabilize the aircraft in pitch because of rotor-on-rotor
interference effects. Since the major source of the tandem-
lift rotor helicopter's tendency to pitch instability is the
rotor system, the heavy-~lift will be equipped with 26.5 decrees
of delta-three on the forward rotor.

The source of the tandem-=lift rotor helicopter's instability
with angle of attack is related to the operation of the rear
rotor in the downwash field of the front rotor. When the heli-
copter angle of attack is increased, the rear rotor angle of
attack, and hence the rear rotor thrust, increases less than
the angle of attack and thrust of the front rotor, because
of the increased downwash from the front rotor. The result
is a nose-up, and hence unstable, movement. Differential
delta-three reduces the lift curve slope of the front rotor,
Cra , and thus has a stabilizing effect on the composite
tandem-1lift rotor system.

Delta-three (see Figure 40) is a rotor kinematic system which
couples rotor blade flap to rotor blade pitch. This is accom-
plished by moving the attachment point of the blade pitch arm
off the centerline of the flap hinge, thereby reducing changes
in collective pitch with coning and in cyclic pitch with flap-

ping.

At a fixed rotor rpm, coning is proportional to rotor thrust, so
collective pitch changes with rotor thrust. Increases in rotor
angle of attack will increase both the thrust and coning. There=-
fore, a rotor with delta-three will have a lower rate of change
of thrust with angle of attack changes (5T/sq) than a rotor
without delta-three because of the reduction in collective

pitch which occurs as coning increases.

The term differential § 3 is used to describe a difference in
the pitch-cone coupling characteristics of the forward and aft
rotors of a tandem-1lift rotor helicopter. The use of a delta-
three hinge on only the forward rotor will reduce the §T/5q Of
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the forward rotor relative to the rear rotor, thereby apprecia-
bly improving the helicopter's angle-of-attack stability and
gust sensitivity. Figures 40, 41, and 42 indicate the degree
of stability improvement of the taudem rotor system to be
gained through 26.5 degrees of differential delta-three.

Additional stability will be obtained through the use of hori-
zontal tail surfaces and by the selection of the most aft center-
of-gravity location. Here, a tradeoff must be made between the
loading versatility allowed by large aft center of gravity
limits and the increase in structural weight associated with
tail size. The total helicopter stability shown in Figure 42
was obtained for the transport configuration, incorporating

26.5 degrees of delta-three and a horizontal tail area of
approximately 300 square feet. The design aft center-of-gravity
limit of 28.5 (4 percent of the distance between rotors) is
proportionately about the same as existing tandem-lift helicop-
ters. Because of the importance of interference effects, exact
sizing of the necessary stabilizing surfaces must be determined
from wind tunnel tests of specific configurations.

Directional (Yaw) Stability

Since the rotor disc planes are parallel to the relative wind,
they can produce no tendency to yaw instability in forward
flight or weathercocking in hover. Thus the aircraft can be
stabilized through suitable aft center-of-gravity locations and
aft pylon (vertical stabilizer) sizing. Figure 43 shows the
estimated yaw static stability as a function of airspeed and
‘center-of-gravity location for the transport configuration with
an aft pylon area of approximately 500 square feet. For opti-
mum heading stability the target level indicated in Figure 43
will be achieved with SAS. Exact sizing of the required verti-
cal stabilizers must be determined by wind tunnel tests of
specific configurations.

LONGITUDINAL (PITCH) CONTROL

Iongitudinal Cyclic Trim

It is desirable for the heavy-lift mission that the helicopter
attain a level fuselage attitude both at high speed and in
hover. In hover, for the crane/personnel carrier or for the
transport with an external cargo sling, the task of straddling
a load on the ground or acquiring an external load will be
simplif. ed with level hovering capability. At cruise speed,

a level attitude is desirable both from a performance (drag)
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standpoint and for pilot comfort.

Without longitudinal cyclic control, the nose-up hover atti-

tude equals the average of the forward and aft shaft tilts.

In forward flight, forward thrust vector tilt is required to

balance the increased drag. This tilt can be provided either

through fuselage attitude changes or through longitudinal cy-

clic flapping induced by longitudinal cyclic blade pitch con-

trol. v

A preliminary estimate of the shaft tilt and longitudinal
cyclic control necessary to satisfy the above requirements has
been made. The forward and aft shaft tilts tentatively are ’
9 degrees and 4 degrees respectively. Thus with no longi-
tudinal control input, the normal hover attitude is about 6
degrees nose-up. As airspeed increases, the fuselage rotates
until at about 100 knots it is approximately level. Above
this speed, g-programmed forward longitudinal cyclic control
is input to both rotors to maintain an approximately level
fuselage (see Figure 38). Since the differential collective
pitch control is used for trimming moments due to variations
in center-of-gravity locations, the data shown are invariant
with center-of-gravity position. 1In addition to providing
attitude control, the programmed longitudinal cyclic reduces
first-harmonic longitudinal flapping at airspeeds above 100
knots (Figure 44).

For control of hover attitude, manually selected aft cyclic

settings of 6 degrees per rotor are provided to attain a level
fuselage attitude. The fuselage attitude is independent of

gross weight and center-of-gravity location, since thrust

vector tilt is not employed to balance moments. Rather, a

powerful moment control is provided by DCP. The forward shaft

tilt and hub height above the fuselage provide approximately

12 degrees of blade-to-fuselage clearance in the aft cyclic v
mode at zero thrust (coning) to provide a large margin of

fuselage clearance in ground handling.

Differential Collective Pitch [}
Differential collective pitch (DCP) characteristics have been

allocated to longitudinal control to provide satisfactory
moment control of the helicopter both in trimmed and maneuver-

ing flight:
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l. Kinematic ratio: forward rotor 1.36, aft rotor
0.91 degree per inch

2, DCP blade travel: forward rotor +7.5, aft rotor
+5.0 degrees

3. Total longitudinal stick travel: 5.5 inches

Because delta-three on the forward rotor reduces its change in
thrust per unit change in collective pitch with respect to the
rear rotor, equal DCP kinematic ratios are not used on the for-
ward and aft rotors due to the introduction of large Z-force
coupling with longitudinal control inputs. A relative kine-
matic ratio increase of 50 percent on the forward rotor was
found to restore the coupling to the same low level associated
with the standard one-to-one kinematics used on a tandem-lift
rotor helicopter without delta-three.

The differential collective blade pitch travel provided for
the heavy lift is sufficient to provide the following simulta-
neously:

l. Trim the aircraft in the most critical trimmed flight
condition as specified in MIL-H-§5501A, paragraph
3.2.1.

2. Retrim the aircraft in the event of longitudinal
cyclic trim failure at the most critical flight and
loading condition.

1/3
3. Generate the pitch attitude change of 292/ (W+1000) /
degrees in one second with an apparent time constant

of 0.5 second, where W is the design gross weight.

The pitch attitude change described has a basis in the pilots'
bias toward short time constants. It is obtained by taking
the attitude change required by the IFR requirement of MIL-H-
8501A and superimposing the additional requirement of 0.5-
second time constant. The control required for maneuver is
then made available over the entire operational envelope, not
just in hover. These DCP control criteria are compared with
that required by MIL-H-8501A, paragraph 3.2.1, in Table XIII.

The maneuver requirement of MIL-H-8501A, paragraph 3.2.13 is
not critical for longitudinal control, so the minimum require-
ment of the specification arises from the critical trimmed
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flight condition (rearward flight at maximum gross weight and
most aft cg) plus the l0-percent margin of total hover moment
control capability. Using the heavy-lift criteria given in
Table XIII instead, a large margin of control above that re-
quired for critical moment trim is provided to ensure full
maneuverability under conditions of extreme cg locations, as
might arise with sling-carried or pod-type loads.

TABLE XIII
DCP CONTROL REQUIREMENTS IN DEGREES OF BLADE PITCH TRAVEL

'MIL-H-8501A Heavy-Lift Criteria
Forward Aft Forward Aft

Rotor Rotor Rotor Rotor
Trim - - 3.36 2.24
Cyclic Failure - -- 1.88 1.25
%g?gﬂg#d Cyclic Failure ETEZ 5?23- ;T;Z ;ng
Maneuver -- == 2.18 1. 45
10-percent Margin 0.58 0.39 - -
Total 5.82 3.88 7.42 4.94
Provided - - 7.50 5.00

Enough control power has been provided for the heavy-lift heli-
copter that control sensitivities can be adjusted over a fairly
large range for total control motions within HIAD limits. The
maximum total control travel has been tentatively selected to
be +5.5 inches. This provides a control sensitivity of 0.25,
1/second, (at maximum gross weight) which, together with the
SAS-augmented damping level of 4, 1l/second, is compatible with
NASA-Langley recommendations (Reference 15) and MIL-H-8501A
requirements (see Figure 35).

Automatic DCP Trim

To provide positive, static longitudinal control position
and control force stability with respect to speed
MIL-H-8501A, paragraph 3.6.3), automatic dynamic pressure
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(q) -sensed DCP trim shall be provided. Figure 39 shows
plots of stick position versus airspeed for two center-
of-gravity locations with the DCP trim operative and
inoperative. Above airspeeds of 40 knots, DCP programmed
as a function of g will be applied to the rotors to
maintain positive stick as airspeed increases.

Collective Pitch

The blade pitch and collective lever travels have been selected
to provide sufficient control of the helicopter in both trimmed

and maneuvering flight:

l. Forward rotor blade pitch travel at 0.75 radius:
0.45 to 22.95 degrees

2. Aft rotor blade pitch travel at 0.75 radius: 0.75 to
18.00 degrees

3. Forward rotor collective kinematic ratio: 2.50
degrees/inch

4. Aft rotor collective kinematic ratio: 2.08 degrees/inch
5. Total collective lever travel: 9.0 inches

The kinematic ratio of the forward rotor is 20 percent higher
than the aft, and,in addition, there is a cuff setting, or rig-
ging adjustment, so that at full-down collective and neutral
longitudinal stick, the forward rotor has 1.2 degrees greater
blade pitch angle setting than the aft. These control kine-
matics and cuff setting changes were found to provide reason-
able trim and collective positions throughout the flight
envelope. In level flight, the DCP airspeed characteristics
are almost identical with those of a similar aircraft without
delta-three and standard kinematics (Figure 45). Moment trim
can be attained in high rates of climb and autorotation with
virtually no trim changes in collective pitch setting

(Figure 46). The maximum and minimum collective pitch settings
were determined from critical trimmed flight conditions as

follows:

Maximum Collective Pitch

High trim collective pitch settings are required for high
rate of climb at low gross weight. In order that perform-
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ance in these flight conditions will not be limited by
control travel, the maximum blade pitch travels described
previously have been selected. The corresponding maxi-
mum collective lever travel of 9.0 inches is compatible
with the longitudinal and lateral-directional control
motions.

Under static conditions, these maximum blade pitch set-
tings provide a load factor capability in excess of two,
which compares favorably with existing tandem helicopters.
Since present vehicles have never lacked sufficient col-
lective pitch for maneuvers such as descent-arrest in
autorotation and jump takeoffs, sufficient collective
pitch has been provided for maneuvers.

Minimum Collective Pitch

Sufficient down collective pitch has been provided sc that
the helicopter can be autorotated at rotor speeds up to
normal rpm for any reasonable weight-empty center-of-grav-
ity position (Figure 46). Thirty knots was considered to be
the minimum horizontal ground speed at which a pilot would
attempt to maintain trimmed autorotational flight.

The zero-thrust pitch angle for the rotor blades is esti-~
mated to be -0.24 degree. At neutral stick and full-
down collective, the aft rotor would be driven to negative
thrust levels, so a detent will be provided on the col-
lective lever to ensure that negative rotor thrust is not
reached during ground run-ups.

Cumulative Collective Pitch Control

Cumulative collective limits are set at the sum of full-up
collective plus total DCP, and full-down collective minus

total DCP. This provides full longitudinal trim and maneuver
capability of the helicopter under all conditions of airspeed
and loading within the flight envelope. Cumulative collective-
pitch control limits at 0.75 radius are as follows:

1. Forward rotor: -7.05 to 30.45 degrees
2. Aft rotor: -5.75 to 23.00 degrees

These limits are conservative and can probably be reduced during
later stages of design.
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LATERAL AND DIRECTIONAL (ROLL AND YAW) CONTROL

Lateral Cyclic Pitch

The lateral cyclic blade pitch and stick travels provide trim
and maneuver capability for the heavy-lift helicopter in ex-
cess of MIL-H-8501A requirements:

l. Pitch travel: forward rotor +9.2, aft rotor +8.0
degrees

2. Kinematic ratio: forward rotor 3.07,aft rotor 2.67
degrees per inch

3. Total stick travel: +3.0 inches

The use of delta-three on the forward rotor reduces lateral
flapping, and hence side force and hub moments, for a given
lateral cyclic control input. This effect would introduce
yawing-moment coupling with lateral control inputs if it were
not for the compensating l5-percent increase in kinematic
ratio on the forward rotor, relative to the aft. This kine-
matic change reduces the coupling over the speed range from

0 to 130 knots to a level appropriate to a tandem-1lift rotor
helicopter with standard kinematics and no delta-three. The
lateral cyclic blade pitch travels desc:ibed previously repre-
sent sufficient control to satisfy the following simultaneously:

l. Trim the aircraft at minimum flying weight as required
in MIL-H-8501A, paragraphs 3.3.2 and 3.3.9

2. Provide the greater of

a. 30 percent of the lateral control requirement of
item 1, above

b. A roll attitude change of 36/(W+1000)1/3 degrees
in 0.5 second with an apparent time constant of
0.3 second, where W is the design gross weight.

The control requirements arising “rom these specifications and
from minimum MII~-H-8501A requirements (paragraph 3.3.9) are sum=-
marized in Table XIV., The maneuver requirement was not critical
by the criteria of MIL-H-8501A, The critical trimmed flight con-
dition occurred in 15 degrees sideslip at 130 knots at minimum
flying weight, with center of gravity 70 inches forward.
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TABLE XIV
LATERAL CYCLIC PITCH REQUIREMENTS IN
DEGREES OF BLADE PITCH TRAVEL

MIL-H-8501A Heavy-Lift Criteria

Forward Aft Forward Aft
Rotor Rotor Rotor Rotor

Trim 5.36 4.66 5.36 4.66
Maneuver - - 3.57 3.10
10-Percent Margin 0.59 0.51 - -
Total 5.95 5.17 8.93 7.76
Provided -- -- 9.20 8.00

— —

Because delta-three reduced the normal 90-degree phase lag
between cyclic pitch input and flapping output, the controls
have been rephased to provide the stick and pedal symmetry
about zero sideslip shown in Figure 31. Since minimum flying
weight cg actually lies near the centerline between rotors,
the control provided is conservative due to the higher direc-
tional stability of the helicopter at forward cg.

The selection of a maximum lateral stick travel of +3.00 inches
provides a control sensitivity compatible with NASA-Langley
recommendations (Reference 15) and MIL-H-8501A specifications,
when the basic helicopter damping is augmented by SAS to the
level shown in Figure 36.

Differential Lateral Cyclic Pitch

The following differential lateral cyclic blade pitch and
rudder-pedal travels have been established:

1. Pitch travel: forward rotor +13.8, aft rotor +12.0
degrees

2. Kinematic ratio: forward rotor 4.6, aft rotor 4.0
degrees per inch

3. Total pedal travel: +3.0 inches
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For the reasons discussed under lateral cyclic pitch, the for-
ward rotor kinematic ratio has been increased by 15 percent
relative to the aft to minimize Y-force coupling with pedal
control. The differential lateral cyclic pitch travels listed
above may be compared to the requirements of MIL-H-8501A, para-
graphs 3.3.5 and 3.3.9:

1. Maneuver: forward rotor 10.925, aft rotor 9.5 degrees
2. Trim: forward rotor 5.175, aft rotor 4.5 degrees

3. Total requirement: forward rotor 10.925, aft rotor
9.5 degrees

Although the blade pitch travel requirements are only 10.925
and 9.5 degrees for the forward and aft rotors respectively,
13.8 and 12.00 degrees are provided to allow for control
quickening over a greater range of pedal travel.

Both control power and control sensitivity are sufficient to
meet MIL-H-8501A requirements up to SAS-augmented rate damp-
ing levels of 1.25, 1/second, for both l-inch and full-throw
pedal inputs (Figure 37). In forward flight the directional
pedal requirements are small since coordinated turns are made
with lateral stick and DCP. Trimmed sideslip pedal require-
ments are modest, even at an airspeed of 130 knots. In hover,
due to the tandem configuration's relative insensitivity to
gust disturbances, the need for large pedal-control inputs is
minimal. However, maneuvers such as straddling a load and
acquiring external loads on cargo slings require many small,
precise, corrective pedal-control inputs. The response of the
helicopter to small directional-control inputs can be con-
siderably enhanced by the use of a control quickener to ef-
fectively increase the control sensitivity. 1In this way
higher levels of SAS-augmented damping are permissible for
the rapid establishment of steady-state yaw rates without the
control sluggishness that low sensitivity and high damping
would produce. Tentative values of gquickened control sensi-
tivity and SAS-augmented damping which satisfy MIL-H-8501A
requirements are shown in Figure 37. A more detailed investi-
gation of the overall helicopter dynamics is required before
the desired levels can be specified.

Cumulative Lateral Cyclic Pitch
Since flight conditions requiring the full limit of lateral
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stick and pedal travel simultaneously do not arise, a cumula-
tive limit is provided on the lateral directional controls to
prevent overdesign of the actuators (Figure 33). The cumula-
tive limits provide a margin of control at the critical trim-
med flight condition (sideslip at 130 knots) which exceeds MIL-
H-8501A requirements. Because of the inhere:nt static stability
of the airframe, the stick and pedal controls subtract on the
forward head in the sideslip flight condition, thus allowing
proportionately smaller cumulative limits.

CUMULATIVE COLLECTIVE AND CYCLIC PITCH

The combined cumulative collective and cyclic blade pitch
travels will be limited to 60 degrees of total travel on each
rotor, as shown in Figure 34, so that the blade pitch travels
and actuators will not be overdesigned to provide control that
will never be demanded in actual flight conditions. (The need
for full pedal, lateral and longitudinal stick and lateral and
longitudinal cyclic controls simultaneously is unlikely.) The
cumulative limit provided is conservative and will be revised
downward as further study of large perturbation maneuvers
warrants.

HOVER ATTITUDE CONTROL

Figure 47 shows the hover attitude control features (independ-
ent of center-of-gravity location) of the tandem-lift rotor
helicopter.

EVALUATION OF THE HINGELESS SEMIRIGID ROTOR
A preliminary study has been conducted to determine whether a
hingeless semirigid rotor offers any significant control ad-
vantages over a conventional articulated system. For this
purpose, estimates of the control sensitivities of each were
based on the "STATIC AND DYNAMIC STRUCTURAL ANALYSIS". The
geometric characteristics of both rotors are:

1. Radius 43 feet

2. Chord 3.5 feet

3. Thickness/chord ratio 0.12

4. Blade cutout 20-percent radius

The flapping stiffness variation with radius for the hingeless
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semirigid rotor is shown in Figures 105 and 108. The stiffness
of the inboard 20-percent radius is 13 x 108 pound inches
squared. The articulated blade has identical physical proper-
ties but with a flapping hinge at the 8-percent radius station.
No pitch-flap coupling (delta-three) was used on either con-
figuration. The estimated control sensitivities (in radians
per second squared per degree of blade pitch) for semirigid and
articulated rotors at 120 knots are as follows:

1. Pitch: semirigid 0.390, articulated 0.390
2. Roll: semirigid 0.960, articulated 0.290

3. Yaw: semirigid 0.044, articulated 0.035

Longitudinal (Pitch) Control

For the purpose of this study it was assumed that both con-
figurations obtain pitching-moment control through differen-
tial collective pitch. With this control scheme, the incre-
mental hub moments are equal and opposite, and so are reacted
within the airframe structure. Thus, both the articulated and
semirigid rotor configurations possess about the same control
sensitivity. Attitude control at high airspeeds is provided
through g-sensed longitudinal cyclic pitch controlling the
orientation of the rotor thrust vectors. Because of the large

nose-down hub moments induced by the cyclic pitch, the aft dif-
ferential collective pitch requirements for the semirigid rotor
will be considerably higher than for an articulated rotor at
high speed.

As an alternative, the large hub moments associated with the
semirigid rotor could be used to generate moment control through
longitudinal cyclic pitch. However, this control scheme would
require the use of external movable stabilizers for attitude
control at high speed.

A workable longitudinal control scheme would probably consist
of DCP as well as longitudinal cyclic pitch operated by the
stick, in addition to g-sensed longitudinal cyclic pitch. This
dual moment control is required,. not to provide an adequate
level of moment control, but rather to permit both moment and
attitude control at all airspeeds without the use of movable
aerodynamic surfaces.

Lateral (Roll) Control
Roll control for the semirigid rotor system is provided by
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lateral cyclic pitch. 1In addition to the roll moment provided
by lateral thrust vector tilt, the large hub moments of each
rotor add up to more than three times the control sensitivity
of the articulated system. Since the articulated system pro-
vides satisfactory roll control, the semirigid rotor would
probably be desensitized for good handling qualities and to
provide roll control power and sensitivity compatible with the
pitch control capabilities.

Directional (Yaw) Control

As with the articulated rotor, yaw control is provided through
differential lateral cyclic pitch changes between the forward
and aft rotors. Since hub moments are reacted internally,

they produce virtually no increase in yawing moment capability.
Yaw control sensitivity is, however, augmented by a higer
lateral thrust rotor vector tilt per uni: of lateral cyclic
control. This is probably attributable to blade curvature
effects.

Control Power and Sensitivity

From a control power standpoint, the semirigid rotor could be
used on the heavy-lift helicopter but, using DCP control, no
significant increase in pitch control power will be obtained
with it. The roll control sensitivity is so high that desensi-
tizing would probably be necessary for good handling character-
istics. Although there is a small increase in yaw control
sensitivity, this must be considered in the light of the ob-
vious structural and fatigue penalties associated with the

hub moments, which are higher than those observed on the artic-
ulated rotor (see Figures 110, 115, 116, 118, 123, and 124).

ANALYSIS OF STALL FLUTTER AND FLAP-LAG INSTABILITY

The maximum speed of many present and past ! =licopters has
been limited not by power available but by increases in control
loads or vibration levels, usually referred to loosely as
retreating-~-blade stall. Recent research has shown that these
phenomena are frequently due to two types of limit-cycle os-
cillatory motion triggered by operation with significant areas
of stalled flow on the rotor blade. Neither type is divergent,
but both can build up to limit-cycle amplitudes sufficient to
cause high stresses or vibration. The first type is stall
flutter. This can occur over a limited azimuth range in the
retreating quadrants. The second is the coupled flap-lag
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oscillation described in Reference 26.

The heavy-1lift helicopter rotor configuration has been analyzed
specifically for stall flutter and flap-lag instability charac-
teristics. Forward and aft rotors have been analyzed for two
flight configurations on the proposed operating boundary, and
in one of these the effect of blade twist was evaluated by
computing four different blade-twist values. It must be appre-
ciated that the programs used for both analyses are in ad-
vanced states of preparation but are not completed. However,

a correlation with CH=-47A data which is under way shows suffi-
cient agreement for both stall flutter and flap-lag instability
to justify the use of these computer programs in first-order
predictions of these phenomena for the heavy-l1ift helicopter.

The stall flutter analysis predicts pitch-link loads which
show little influence from negative damping, indicating that
stall flutter should not be a problem on this aircraft. The
alternating pitch-link loads used for the design study were
derived in the STATIC AND DYNAMIC STRUCTURAL ANALYSIS.

The flap-lag instability of the same configuration assumed

lag damping nondimensionally scaled from the CH-46A and showed
a well-damped response to a gust input with no indication of
limit cycle 1/3 per revolution lag motion.

Stall Flutter

The pitch-link load was taken as the indicator for the presence
of stall flutter, since it provides the reaction for blade tor-
sion., While the analysis method described in the STATIC AND
DYNAMIC STRUCTURAL ANALYSIS gives good agreement with test data
for peak-to-peak values of pitch-link load, it can not handle
the negative damping effects which promote stall flutter.
Therefore, a new analysis method was developed. The method of
computation was by the serial use of the separate computing

programs s

o

Rigid Stall Rotor
Trim Downwash ==t Rotor Flutter [~ Parameter
Analysis Distribution Analysis Analysis Program
] ]
PLL
Time Contour
Histories Plots
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The input data used to define the heavy-1lift helicopter configu-
ration and the flight conditions are listed in Table XV.

Pitch-1link loads for the 87,000-pound gross weight are shown
in Figure 48; those for the 75,700-pound gross weight are
shown in Figure 49, Forward and aft rotor pitch-link load
time histories of bladeswith a twist of =10 degrees are illus-
trated for the following flight conditions:

l. Gross weight 87,000 pounds 75,000 pounds
(Figure 48) (Figure 49, Sheets
3 and 4)
2. Center-of-gravity
location 8 inches forward 8 inches forward
3. Altitude 0] 5000 feet
4. True airspeed 165 knots 155 knots

The alternating loads in the fourth quadrant, where stall
flutter might occur, are small compared to the advancing side
of the blade, which experiences a heavy nose-down moment that
dominates the peak:--to-peak loading. For the forward rotor

of the 75,700-pound configuration (Figure 49, except Sheet 4)
some reduction of the oscillatory response with increased
twist is evident; but the peak-to-peak alternating load is
always dominated by the advancing blade and is practically
unchanged.

All the time histories demonstrated similar behavior, and that
of Figure 48, Sheet 1, was further analyzed to investigate the
nature of the response. The angle-of-attack distribution is
shown in Figure 50, and, since angles greater than 10 degrees
can cause negative pitch damping, it is seen that most of the
retreating side can be a negative damping region. The local
pitching moment is shown in Figure 51, and this is seen to be
dominated by large negative values in the region of the ad-
vancing blade tip (note the uneven contours). This results
from an aft shift of the center of pressure caused by the
relatively high Mach number (0.85) in this area. Elsewhere,
the moment distribution is relatively smooth ancd almost entirely
nose-down. The spanwise integration is plotted at the center
of the diagram and also in Figure 48, Sheet 1. The distribu-
tion of aerodynamic pitch damping (Figure 52) is typically
heavily positive on the advancing side and just negative over
approximately 50 percent of the retreating side. The spanwise
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integration is also plotted in the center of the diagram. The
integrated moment represents what the pitch-link load would be
if the blade was inertialess; the integrated damping is the
total pitch damping that a rigid blade would experience in
pitch at each azimuth. It is concluded that the total pitch-
link load oscillatory response is primarily caused by the ir-
regularities in the applied aerodynamic moment rather than
negative damping. The pitch-link load would probably not be
greatly different if the damping never went negative at all
but just remained low and positive, indicating freedom from

a stall-flutter problem.

To aid in the interpretation of the heavy-lift helicopter
analysis, a high-speed CH-47A case is now illustrated by the
same steps (see Figures 53 through 56). In Figure 53, a par-
ticular test case was analyzed and compared with the predicted
pitch=link load and with the integrated moment. Although not
closely similar to the test curve, the prediction does show
similarity in the peak-to-peak load and in the nature of the
curve. The CH-47A used a symmetrical airfoil rather than the
drooped-nose version used on the heavy-lift helicopter, and
therefore it stalls about 2 degrees earlier. The angle-of-
attack contours for the CH-47A (Figure 54) show considerably
more stall than those for the heavy-lift helicopter (note the
opposite sense of rotation). The largest difference between
the two aircraft appears in the applied moment distribution.
The CH-47A with pitch axis at 19-percent chord experiences
moment fluctuations all around the disc; the heavy-lift heli-
copter with pitch axis at 25-percent chord is relatively smooth,
except that the advancing tip experiences high Mach numbers.
The damping contours for the CH-47A show a larger area subject
to negative damping and larger negative values, compared to the
maximum positive values on the advancing side of the disc.

Flap-Laq Instability

The Flap-Lag Instability Program represents a three-bladed
rotor, in which each blade is rigid and has individual flap and
lag freedoms, and the hub has vertical, lateral and longitudi-
nal freedoms. It is a modification of the helicopter stability
program. It uses uniform downwash, table look-ups for aero-
dynamic forces, moments, and lag damper loads, and it makes no
small-angle assumptions.

The cases analyzed for stall flutter were also analyzed for

flap-lag instability. A 2100-foot-pound friction lag damper
was used. Different effective masses were used for the three
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directions in which the rotor can move; for the seven cases,
these were:

l. My, My, and M, = 1130, 760, and 1470 slugs

2, Mg, My, and Mgz 790, 246, and 1530 slugs

3. My, My, and M; = 1140, 710, and 1290 slugs
4. My, My, and M, = 1140, 710, and 1293 slugs

z

5. Mx, My, and Mz = 1140, 710, and 1299 slugs

6. My, My, and M, 747, 223, and 1372 slugs

7. My, My, and M, = 1140, 710, and 1295 slugs

For the CH-47A, the 1100-foot-pound preload production lag
damper was used. The effective masses were M,, My, and Mz =
510, 450, and 525 slugs, respectively. The remaining input
data were as for stall flutter. Figure 57 shows the flap and
lag response to a gust input (Figure 58). For the first 0.5
second of the record, the steady-state response is seen. A
20-foot-per-second vertical gust is then applied for 1 second,
and the mean lag angles suffer a disturbance at the rigid lag
frequency. The disturbance damps rapidly, and during this time
the peak-to-peak flapping does not change significantly. From
Figure 59, the effect of increasing twist is seen to be slight
but beneficial in that both peak-to=peak and mean lag angles
are reduced. As with the stall-flutter analysis, the heavy-
lift helicopter data was compared to the CH-47A case (Figure 60)
subjected to the same 20-foot-per-second gust. The lag response
(as a percentage of the mean angle from 0 degrees, the auto-
rotation position) is significantly greater than that for the
heavy-1lift helicopter, and the peak~-to-peak flapping almost
doubles as a result of the gust. Thus, the heavy-lift helicop-
ter is expected to be significantly more damped than the CH-47A.

Conclusions

The analysis shows that the heavy-lift helicopter rotor blade
should not b2 critical for stall flutter when flying at maximum

performance (87,000 pounds, sea level, 165 knots; or 75,700
pounds, 5000 feet, 155.5 knots). This conclusion should be re-
viewed in the light of further development of stall flutter
technology currently being investigated.

Peak~to-peak control loads will be high on the advancing side,
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due not to stall flutter but to the high Mach number at which
the tip will be flying.

The rotor will be well-damped, compared to the CH-47A, with

respect to flap-lag instability motions induced by gusts or
other disturbances.
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l. Forward rotor of heavy-lift helicopter

2. Gross weight 87,000 pounds; cg 8 inches
forward

3. Airspeed 165 knots; 155 rotor rpm

4. Opyw = -10 degrees Reverse flow region

5% Hp = Hp =0

Figure 50. Forward Rotor Angle-of-Attack Contours.

132

90



l. Forward rotor of heavy-lift helicopter

2. Gross weight 87,000 pounds; cg 8 inches forward
3. Airspeed 165 knots; 155 rotor rpm

4. e = -10 degrees i Reverse flow region

5. ng___ B

Hy, = 0

D

Figure 51. Forward Rotor Local Aerodynamic Moment
Contours.
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1. Forward rotor of heavy-lift helicopter
2. Gross weight 87,000 pounds; cg 8 inches forward
3 Airspeed 165 knots; 155 rotor rpm
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5. Hp =Hp =0 2%%% Negative aerodynamic damping

Figure 52. Forward Rotor Local Aerodynamic Damping
Contours.
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NOTES: vy = 0

1. Aft rotor of CH-47A helicopter

2. Gross weight 28,240 pounds; cg 16.7 inches aft
3. Airspeed 147 knots; 230 rotor rpm

4. Oy = -9 degrees HiE Reverse flow region

5. HD = 5000 feet

6. Trim 3/5

Figure 54. CH-47A Aft Rotor Angle-of-Attack Contours.
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l. Aft rotor of CH-47A helicopter
2. Gross weight 28,240 pounds, cg 16.7 inches aft
3. Airspeed 147 knots; 230 rotor rpm
4. 6py = -9 degrees i Reverse flow region
5. Hp = 5000 feet
6. Trim 3/5
Figure 55. CH-47A Aft Rotor Local Aerodynamic Moment

Contours.
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Aft rotor of CH-47A helicopter
Gross weight 28,240 pounds; cg 16.7 inches aft
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Figure 56. CH-47A Aft Rotor Local Aerodynamic Damping

Contours.
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Gross Weight. (Sheet 1 of 2)
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Coupled Flap and Lag Motions at
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STATIC AND DYNAMIC STRUCTURAL ANALYSIS
OF THE ARTICULATED ROTOR

This study of the structural integrity of the articulated
rotor system includes a structural analysis of the hub, the
upper controls, and three blade designs. Although the fuse-
lage structure had not been defined, a dynamics evaluation

of hub shaking forces was made and fuselage response to the
forces was estimated. Projected measures to reduce vibration
were reviewed. The analytical methods and justification for
them are explained in the descriptions of the respective
studies.

Three blades were studied for the articulated rotor: a fiber-
glass plastic C-spar blade, a metal D-spar high-stiffness
blade, and a metal low-stiffness blade which conceivably
would be a hexagonal-spar blade. The margins between allow-
able loads and predicted loads for these blades have been
estimated. For the fiberglass plastic blade, considerable
margin exists for loads in any flight regime at speeds inves-
tigated up to 165 knots. For the metal high-stiffness blade,
adequate margin exists for speeds up to 140 knots. The metal
low-stiffness blade has adequate margins up to 165 knots but
not as large as those of the fiberglass plastic blade. The
detuning of blade natural frequencies away from operating
frequencies is accomplished in the plastic blade by varying
strength and elasticity independently by the selective orien-
tation of structural fibers. The metal high-stiffness blade
is detuned by antinodal placement of a mass inside the D-spar;
the metal low-stiffness blade is detuned by varying the height
of the spar. The effect of blade twist on margins has been
analyzed. The margins quoted above are based on a twist of

- 12 degrees; a final selection of -9 degrees for vibration
reasons will give additional margins.

A possible correlation between loads and blade mean coning
angles has been noted. Vertol Division anticipates a cause-
and-effect relationship here, but until this is proven,
historical coning angles of successful helicopters must be a
basic criterion for detuned blade systems, along with static
deflection and fuselage-clearance criteria. The bearing
elements have been designed for 3600 hours' service life and
1200 hours between major overhauls. An analysis of the tension-
torsion bar also indicates adequate margins. Comparison of
blade pitching moments and allowable pitch-link loads shows
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margins up to 165 knots. The swashplate lower bearing has
been shown in Table V to have a Bjp life of 2646 hours.

As is the case with many other helicopters, the cockpit vibra-
tion levels predicted for the heavy-lift helicopter do not
meet specification MIL-H-8501A, but they approximate the
vibration levels of existing helicopters, which indicates com-
pliance with the state of the art. As with other helicopters
using antivibration devices, or being tested to use them, the
heavy-lift helicopter is expected to meet and surpass the
vibration level requirements of MIL-H-8501A.

METHODOLOGY AND APPROACH TO STRESS ANALYSIS OF ROTOR BLADES

The basic methods used for rotor blade analysis are discussed
here. The loading data are presented with the allowable loads
so that critical areas and design airspeeds can be identified.

Centrifugal force, bending, and torsional moments acting
upon the rotor blade are calculated for high-speed level
flight, ground flapping, and maneuver flight. The maneuver

.conditions chosen are selected to represent the most critical

design conditions specified in MIL-S5-8698. The specific design
conditions are shown in Table XVI.

The loads applied to the rotor blade during the critical con-
ditions are calculated by the Leone-Myklestad method, and,
where necessary, empirical factors are applied to these loads
to ensure that they will envelop the predicted top of actual
load scatter. The Leone-Myklestad method, using nonuniform
downwash distribution (References 8, 9, and 10), has been
developed over the years and has been shown to be in close
agreement with test. The blade structure is analyzed individ-
ually for blade loadings, and then the individual stresses are
superimposed (phase relationships and other factors are con-
sidered) to give a resultant critical stress at each blade
section. The loadings (bending moment in flapping and chord-
wise planes, centrifugal force, twisting moment, transverse
shear in plane of flapping moment, and local chordwise pressure
loadings at critical blade stations) are investigated over a
wide range of flight and ground contions, for the most adverse
gross weight and center-of-gravity conditions. The blade
structure is analyzed for the worst of these conditions for
both the fatigue and ultimate loads.
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1,

Notes

For maneuver conditions, sufficient control is applied to

obtain the limit load factor at the cg

The fatigue and limit load conditions are to be investi-
gated for both basic design and design alternate gross
weights; cg positions most forward or most aft, whichever
is critical.

At basic design gross weight: 87,000 pounds. (Cg load
factor of 2.0 at design alternate gross weight:

108,750 pounds.)

Minimum and maximum rotor speeds to be consistent with
power-on or power-off conditions.

Vertical acceleration of 2.67g on the rotor blade when
it is in the normal static droop position against the
droop stop.

1.5 times the maximum torque resulting from the following
starting procedure: with the free turbine at ground idle,
the rotor brake is released and the rotor brought up to
ground idle speed; the throttle is then advanced to flight
position, accelerating the rotors to normal rpm (Ny).

1.5 times the maximum torque of the engines shall be
resisted by six blades. Blade in the autorotative
position. Forward speed = Vg Rotor speed = Ny

2.0 times the maximum torque which can be applied by the
rotor brake shall be resisted equally by six blades.
Rotor speed = Ny

l
Confition

Limit Maneuver Condit
§§5metrical dive

and pullout, power
on

Symmetrical dive
recovery from
pullout, power on

Symmetrical dive
and pullout,
autorotation

Sy:nmetrical dive
recovery from pull-
out, autorotation

Limit Gust Condition
Limit gust velocity
Max. level flt. speed

Fatique Condition
Refer to Table XII

Special Conditions
Ground flapping
Starting

Shock torque

Rotor braking
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TABLE XVI
ROTOR BLADE STRUCTURAL DESIGN CONDITIONS

Ref, Para.

Load

.ion in MIL~-S- Fwd Rotor Factor Rotor Torque
8698 Speed Speed Altitude at cq Distribution
euver Conditions
al dive 3.2.2.3 Vp Ny Sea level 2.5 3 50/50
ut, power
al dive 3.2.2.3 Vp Ny Sea level 2.5 3 40/60
from
power on
al dive 3.2.4.1° \') NLa Service 2.5 3 0
ut, ceiling
ion
al dive 3.2.4.1 Vp NLa Service 2.5 3 0
from pull- ceiling
rotation
t Condition
t velocity 3.2.5 VH Ny to Sea level As 50/50
L £1t. speed Ng calcu-
lated
yndition
Pable XII 3.2.2.2 - - - = -
mditions
\pping 3.4.6.2 0 0 0 ®
3.3.1 8 8 8 g

e 3.3.1 :
ing 3.3.2 ® ® ® ®




Physical and Dynamic Properties
Although the properties presented are based on the preliminary

design feasibility effort, the final design will optimize the
following structural characteristics:
1. Blade weight
2. Centrifugal force
3. Coning angle
4, Lag angle
5. Static deflection
6. Flapwise natural frequency (0, 1., 2, 3 modes)
7. Chordwise natural frequency (0, 1, 2, 3 modes)
8. Torsional natural frequency (0, 1, 2 modes)
9. Air damping

10. Aeroelastic damped amplification factors for nine
harmonics of rotor frequency

a. Flap bending
b. Chord bending
11, Mode shapes in a vacuum
12, Flap bending moments (Leone-Myklestad solution)
a. Steady bending
b. Alternating bending
c. Root shears
d. Pitching moments
e. Section balance

f. Dynamic balance
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Bending Moment in Flapping and Chordwise Planes

For various blade sections along the blade span,the following
structural properties are calculated for bending analysis:

l. Location of principal axis of bending.

2. Total section stiffness about their axes by elemental
integration of each structural component.

3. Section effective modulus of each component at point
of maximum stress. This is determined by assuming
that in such a "molded" structure, the various materi-
als will be strained equally at any one point in the
structure. Stress in any material will therefore be
proportional to its modulus in bending in the loading
direction considered.

sem—

Axis

T

1 ~principal
C

zmaterial

EI
= total
CE

material

Centrifugal Force Load

The centrifugal force (Cp) on the blade section is also
assumed to be distributed so that it produces equal tension
strains in all materials.

_CF (E) MAT'L
(AE) TOTAL

The flapping, chordwise, and centrifugal loadings constitute
all of the tension loads to which the blade is subjected. The
stresses resulting from these loadings are added to give a
total steady and alternating tension or compression stress at
various points along a given airfoil section. The alternating
components of the bending stresses are combined by considering
the phase relationships of the bending moment.
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Torsion

The fiberglass rotor blade is analyzed for stresses due . to a
torsional moment by considering a given blade section to act
as a multicell structure whose webs are formed by the honey-
comb cells. A cell wall is assumed to exist approximately
every l0-percent chord, the effective thickness of which
equals the number of honeycomb cell walls between midpoints
of neighboring cells. Using the conventional-method shear
flows, and using deflections of a thin-walled multicelled
closed structure under torsion, the section torsional stiff-
ness and a shear flow distribution under the applied torque
are determined.

A shearing stress distribution around the airfoil in each
material is then formed by dividing the shear flow by the
effective skin thickness and assuming that the shear stress
in a material is a function of its shear modulus.

The assumption that the blade section functions as a multi-
cell box under torsion, with the honeycomb carrying torsional
shear, has been justified by test results in which the meas-
ured values of both stiffness and stress distribution corre-
lated excellently with theoretical values.

Flapwise Shears

Under the action of a vertical shear load, the fiberglass
blade structure is again considered to act as a multicelled
box in which all material is effective in carrying both
bending and shear.

Using standard analysis, the redundant shear flows in each
cell are determined by solving a system of simultaneous equa-
tions involving the deflection characteristics of individual
dual cells. The chordwise location of the section shear
center is also determined from this analysis.

Again assuming equal straining of all material at a point, the
shear stress distribution in each material along the blade
section is determined for a given vertical shear.

The theoretical values of shear center determined from this
type of analysis compared favorably with values measured on
a similarly-constructed rotor blade; this indicates that the
analysis is valid.
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The shear stresses due to torsion and flapwise loading are
then added (phase relationships are considered) to give a net
shear flow distribution around the airfoil section.

Iocal Pressure Ioadings

Those sections of the blade, such as the blade tip, which are
subjected to high pressure distributions are investigated to
determine whether the aft structure is capable of transmitting
the resultant bending and shear loads to the blade shear center.
For this analysis, the blade is assumed to be supported as a
cantilever beam at the shear center. All bending loads are
conservatively assumed to be carried by the skin in differen-
tial tension, and all shear loads are assumed to be carried
in the honeycomb. The critical pressure distributions are
determined from wind tunnel data on similar airfoil sections
under local angles of attack, defined by the improved non-
uniform downwash theory.

METHODOLOGY AND APPROACH TO STRESS ANALYSIS OF THE ROTOR HUB

"Rotor hub", for purposes of this study, includes those
components from the point of blade attachment at the folding
hinge to the hub block at its attachment to the rotor shaft.

The loads defining these items are developed primarily from
the centrifugal force considerations and flapwise, chordwise,
and torsional moments established during the blade loads
analysis.

All designs investigated use a tension-torsion retention
system. (All current Vertol Division helicopters use this
system; its simplicity and inherent redundancy have resulted
in completely trouble-free operation.) Index stress levels
based on current designs are used as the basis for the heavy-
lift selection. Using the appropriate index allowable, data
are presented as a parametric evaluation to show the inter-
relation of twist and length.

All articulated bearing designs shown use antifriction bearings
at the horizontal pin. Since there is no purely analytical
means suitable for predicting the life of an oscillating anti-
friction bearing, a semiempirical approach is used. Considera-
tion is given to size effect, hub lug geometry, pin slopes and
deflections, type of lubrication, and past performance.

164




METHODOLOGY AND APPROA RE L

The results from the Leone-Myklestad program discussed previ-
ously are used to calculate pitch-link loads. The loads, both,
steady and vibratory, resulting from inertia, gravity, and
aerodynamic loadings are transferred to the blade effective
shear center and then integrated along the blade. At the
present time, this method is considered to give more reliable
absolute values of peak-to-peak loads than the stall-flutter
analysis used in STABILITY, CONTROL, AND FLYING QUALITIES.

Loads in the lower controls, both steady and vibratory, are
then obtained by resolving the load in the pitch link, which
is in the rotating system, into the stationary system. This
permits evaluation of the stationary rotor control loads down
to the hydraulically-operated cyclic and collective actuators
that support the swashplate. The actuators are designed so
that vibratory loads are not transmitted into the flight con-
trols.

ANALYSIS METHODS--COMPARISON OF THEORY AND TEST

Since the introduction of nonuniform downwash aerodynamics,
discussed in Reference 3, the correlation between theory and
flight test has been excellent. An interesting phenomenon,
indicated by theory and borne out by flight test, is the
effect of cyclic trim and rotor overlap. This indicates that
after certain forward speeds are reached, the blade and rotor
control loadings reduce. Analyses are therefore conducted
for a speed sweep to evaluate the critical speed at which
maximum loads are obtained.

The agreement between theory and test permits such confidence
in the program output that no semiempirical modification of the
results is required. A comparison of theory and test is shown
for the CH-47A helicopter in Figures 61 and 62.

CRITERIA FOR STRUCTURAL ANALYSIS

Basic Aircraft Data

The structural analysis is based on the basic aircraft data
given in Figure 63. The fuselage geometry effects shown for
the transport and crane/personnel carrier requirements have
been evaluated for blade loads on the fiberglass rotor blade.
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Figure 61.

Aft rotor

Correlation:
Helicopter

Gross weight in pounds
CG location in inches
Altitude in feet
Airspeed in knots
Rotor radius in feet
Rotor rpm

Trim in degrees
Maximum measured Vi loads

0.50 0.60 0.70 0.80 0.90
r/R

Theory Flight-Test Data
CH-47A CH-47A

27,500 27,400 to 29,700
35.0 fwd 29.7 fwd to 18.5 aft
Sea level Sea level to 7000
130 105 to 155

29.5 29.5

230 224 to 234

3°fwd, S5°aft 3°fwd, S5°aft
O = up to 100 percent

[ = 100 to 110 percent

¢ = greater than 110 percent

Vibratory Flapwise Bending Moment.
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HR
l = Horizontal Reference .
l-l!— L e
NOTE§: Crane/Personnel
Transport Carrier
l. Blades per rotor (b) 3 3
2. Radius (R) 43 feet 43 feet
3. Chord (C) 42 inches 42 inches
4. Twist (et) -6 to -12 -6 to -12 degrees
degrees
5. Rotor shaft inclin-
ation:
forward rotor (6p) 9 degrees 9 degrees
aft rotor (eR) 4 degrees 4 degrees
6. Horizontal distance
between rotors (L) 58.20 feet 59.50 feet

7. Height of rotor above
horizontal reference

forward rotor (HF) 13.25 feet 10.00 feet

aft rotor (HR) 24.25 feet 26.70 feet
8. HR = HF 11.00 feet 16.7Q feet

Figure 63. Summary of Tandem-Lift Rotor Helicopter
Geometry.
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Loading Conditions

The requirements of MIL-S-8698 have heen embodied in the
design loading conditions for the rotor system shown in Table
XVI. These conditions which include level and maneuvering
flight design requirements for a tandem helicopter are investi=
gated for all designs. Preliminary analysis has indicated

that the critical design conditions for the blades under con-
sideration are fatigue and ground flapping.

Mission Profile

In order to evaluate the lives of the hinge and swashplate
bearings, it is necessary to establish a loading spectrum that
will approximate the time at each of the flight regimes. The
mission profile selected (Table XVII) is based on experience
with transport helicopters.

Coning

On large-diameter rotor blades, coning tends to increase if
conventional blade construction and mass distribution tech-
niques are used. Coning is approximately proportional to
blade radius and inversely proportional to tip speed squared.
The many questions that arise concerning an acceptable level
of coning have stimulated efforts to understand its effect on
vibration, lateral flapping, yaw control power, chordwise
blade loads as a result of increased Coriolis forces, flap-lag
stability, and so forth. A summary of coning angles in similar
vehicles (Table XVIII) shows that the heavy-lift helicopter
rotor blades considered in this study fall within the values
for operational helicopters.

Studies are being conducted to evaluate the upper limit of
coning for the effects just described. Any increase in coning
will considerably reduce blade weight from the values given

in this report.

Rotor Blade Deflections

On large-diameter rotor blades, static tip deflections tend to
become excessive unless mass and stiffness properties are
carefully optimized. The criteria established by experience

at Vertol Division for clearance between the blade tip and the
top of the fuselage are based on ground flapping at low collec-
tive settings and ground idle to Zero rotor rpm settings.
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Adequate clearance must exist for a 3g blade loading as well
as a lg blade loading plus 7 pounds per square foot aero-
dynamic loading.

Component Life

All fatigue-loaded components are designed for 3600 hours'life,
with allowables corresponding to mean -3 sigma (approximately
0.999 probability of nonfailure). All antifriction bearings
in the rotor system (hinge bearings, swashplate bearings, and
others) are designed for 1200 hours Byg life.

STRUCTURAL ANALYSIS OF FIBERGLASS PLASTIC ROTOR BLADES

A fiberglass plastic blade permits the freedom to orient
structural fibers in order to achieve considerable mass,
stiffness, and strength variations. The design shown has
been iterated to achieve the desired frequencies, loads, and
stresses.

Physical Properties

The significant properties defining the fiberglass blade are
shown in Figures 64 through 67, which present spanwise weight,
flapwise stiffness, chordwise stiffness, and torsional stiff-
ness distributions respectively. The centrifugal force dis-
tribution is shown in Figure 68.

Static Loads and Deflections

Blade deflections and static loads due to ground flapping are
shown in Figure 69. The allowable moment, based on the fiber-
glass compressive strength, is shown to indicate the large
existing margins of safety. The blade deflections comply
satisfactorily with clearance requirements.

Frequencies

It is customary at Vertol Division for all blade designs to
be evaluated first from a natural frequency viewpoint before
being evaluated for blade loads and stresses. The calculated
frequencies are compared with experience as far as operation
in the proximity of an integer frequency. Because of the use
of nonuniform downwash airloads, the higher harmonic excita-
tion loads significantly affect first, second, and third
bending modes when they are amplified as the result of prox-
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imity to a critical frequency. The frequencies for the fiber-
glass blade (see Figures 70 and 71) show satisfactory avoid-
ance of the critical integer frequencies.

LLoads and Moments

The theoretically calculated moments shown in Figures 72, 73,
and 74 indicate the effects on loads due to blade twist (6
degrees and 12 degrees) and helicopter configuration (crane/
personnel carrier and transport) for a speed sweep of 80, 100,
120, 140, and 160 knots.

Vibratory moments are generally higher with increased blade
twist for the high-speed regime when considering the midspan
portion of the blade. Moments are generally higher with de-
creased blade twist for the 100-knot speed regime when con-
sidering the root area of the blade.

A comparison of moments for the two configurations studied
indicates in general that a transport configuration is more
critical because the reduced forward-to-aft blade clearance
(see Figure 63) increases blade interference effects. The
interference effects excite the blade in its higher modes and
cause the higher root bending moment.

Considering all variations and combinations, however, it is
evident that for the fiberglass blade considerable margin

exists when comparing loads in any flight regime with the

blade allowables.

STRUCTURAL ANALYSIS OF METAL ROTOR BLADES

Three basic blade configurations have been evaluated. From
these studies the relative merits of each design can be
evaluated relative to the total weight and blade stress margins
while holding frequency and coning criteria relatively con-
stant.

An additional variable, blade twist, has also been evaluated
for i1ts effects on blade moments. The values evaluated, 6
degrees and 12 degrees, span the extremes of performance.

Physical Properties

The significant physical properties defining both the high-
and low-stiffness metal blades are shown in Figures 75 through
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78: spanwise weight, flapwise stiffness, chordwise stiffness,
and torsional stiffness distributions, respectively. The
centrifugal force distribution is shown in Figure 79.

Static Loads and Deflections

Static loads due to ground flapping and blade deflections are
shown in Figure 80. The allowable moment is based on spar
buckling strength. The margins are evident. Comparison of
blade deflections to the clearance requirements indicates
satisfactory compliance.

Frequencies

Since conventional D-spar construction methods for large-
diameter blades result in an increase in stiffness that is
greater than the proportional increase in blade weight, the
blade natural frequencies tend to increase. If this is in a
direction that approaches the nearest integer frequency then
there are two basic approaches to improving the situation:

Frequency Modification by Tuning

The blace can be tuned to a lower frequency by placing

a concentrated mass at an antinodal point for the
bending mode under consideration. The mass is fastened
by a strap to the blade root fitting so that no addi-
tional blade centrifugal stiffening occurs as a result
of the additional mass.” This scheme has been used suc-
cessfully on the Vertol 44 helicopter. Since this
approach permits the use of conventional D-spar construc-
tion methods, it is identified in the structural analysis
data as the high-stiffness blade. This type of construc~-
tion provides the maximum torsional stiffness.,

Frequency Modification by Blade Mass Stiffness Relation-
ships

For a given spar weight, the flapwise stiffness can be
appreciably modified by changing from a D-shape to an
oval or to a circle while still maintaining the same
thickness ratio. The design shown utilizes a hexagonal-
shaped spar that significantly reduces the stiffness-to-
mass ratio. It is identified in the structural analysis
data as the low-stiffness blade. Although this type of
construction provides less torsional stiffness than the
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high-stiffness blade, this is of little consequence
since torsional frequencies are still sufficiently high.

However, it is evident that, through continued design iteration,
a combination of these two approaches to tuning may result in

a further-improved design. Further iteration of the D-spar
blade could then achieve the desired frequencies without
resorting to the use of tuning weights. The frequencies shown
in Figure 81 for the metal blades indicate satisfactory avoid-
ance of the critical integer frequencies.

Loads and Moments

The theoretically calculated moments shown in Figures 82, 83,
and 84 are based on the most critical configuration and blade
twist: the transport and 12 degrees twist. Moments are
shown for a speed sweep of 100, 120, 140, and 160 knots. The
allowable moments are shown, and they indicate an adequate
margin along the entire blade from root to tip.

For 12 degrees of twist, moments at midspan for the low-
stiffness blade (see Figure 82, sheet 1) are about half the
moments for the high-stiffness blade. Even though moment allow-
ables for the low-stiffness blade are lower, an adequate margin
exists even at 160 knots. For the high-stiffness blade (see
Figure 82, sheet 2), there is a margin only at speeds below

140 knots. A calculation for the high-stiffness blade at 160
knots with 6 degrees of twist (Figure 82, sheet 3) indicates

a significant reduction in moment with the result being an
adequate margin. This indicates that, for the metal blade,

6 degrees twist is more desirable than 12 degrees twist.

STRUCTURAL ANALYSIS OF ROTOR HUB

The hub components from the blade socket joint to the horizon-
tal pin were analyzed for the most severes centrifugal, steady,
and vibratory moments resulting from all the load conditions
investigated. The analyses of these moments and comparisons
of allowable moments versus maximum calculated loads have been
described in the structural analyses of the rotor blades.

They indicate adequate margins.

Cyclic _and Collective Pitch Envelope

The primary blade re.ecation concept considered is the tension-
torsion strap. The & sign requirements for the tension-torsion
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strap are determined by the most severe combinations of steady
twist due to collective inputs and oscillatory twist due to
cyclic inputs. Figure 34 summarizes the combinations that are
attainable both from a normal operating viewpoint (for fatigue
analysis) and from an infrequent maximum-displacement view-
point (for limit analysis).

Tension-Torsion Parametric Evaluation

A parametric analysis was performed to evaluate the size and
length of the tension-torsion pack, relative to the require-
ments of Figure 34, by the same method of analysis that has
been used for this purpose on other successful helicopters.
The results of this study are shown in Figure 85. The design
shown is adequate when compared to the current bench-test
capability of similar designs.

Flapping Hinge Bearings

Although the use of elastomeric bearings for flap, lag, and
pitch motions appears extremely promising, the antifriction
bearing is still the most widely used and accepted. Analysis
has been performed for the conventional antifriction bearing.

Horizontal Pin Bearing ILoads

In order to establish horizontal pin bearing lives, it is
necessary to evaluate the load variations anticipated through-
out the flight, and then to reduce these loads to an equivalent
cubic mean load. The load evaluation is shown in Table XIX.

Horizontal Pin Bearing Life Calculation

An oscillating horizontal pin bearing cannot be evaluated in
a manner similar to conventional bearings. The life is sig-
nificantly affected by bearing proportions, angle of oscilla-
tion, and horizontal pin deflections. For this reason, a
semiempirical approach is used which combines analysis with
service experience. Lives calculated in this manner are
shown in Table XX; they exceed the 1200-hour objective.

STRUCTURAL ANALYSIS OF ROTOR CONTROL SYSTEM

Pitch-Link Loads

Pitch-link loads are calculated concurrently with the rotor
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blade loads. The pitch-link load is made up of many harmonics,
depending on the proximity to critical torsional frequencies.
The load is transferred from the rotating system to the sta-
tionary system. Loads are therefore cstablished in all com-
ponents down to the support actuators.

It was indicated previously that there exists a very close
agreement of test with theory. The loads are shown in Figure
86 as a function of forward speed for both the crane/personnel
carrier and the transport and for both the metal blade and the
fiberglass plastic blade. Comparison of anticipated allowable
versus expected loads shows that speeds up to 160 knots are
possible in both the transport and the crane/personnel carrier.

The variation of pitch-link load throughout the blade's 360
degrees of rotation is shown in Figures 87 and 88. The
effects of thrust and airspeed are compared for the fiber-
glass plastic blade in Figure 87 and for the high- and low-
stiffness metal blades in Figure 88.

Swashplate Bearing Life

As in the case of the hinge bearings, the life of the swashplate
bearings depends greatly on the flight spectrum used. The tech-
nique used to analyze the swashplate bearing is given in
Reference 7. The analysis described there has been programmed
on Vertol Division's computer and has been shown to give iden-
tical agreement with AFBMA (Anti-Friction Bearing Manufacturer's
Association) methods when all the proper basic assumptions are
made. The program goes further, however, and evaluates the
effect: of internal clearances, curvatures, and deflection under
each loading. The loads required to calculate the life of the
swashplate bearing are given in Table XXI. The results of the
analysis indicate a B, bearing life of 2646 hours.

DYNAMIC ANALYSIS

Of prime significance in the dynamics analysis of a large
helicopter is the prediction of the vibration levels in the
cockpit areas of the airframe.

The factors that contribute to the vibration level of the
helicopter are many, and the manner in which these factors com-
bine is extraordinarily complex. The rotor blade airload dis-
tribution is strongly dependent upon the characteristics of
the rotor wake, and relatively minor changes in the assumptions
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regarding the characteristics of that wake can have a profound
influence on the predicted vibration levels. Rotor blade and
fuselage dynamic characteristics are of course central to the
vibration problem. Extensive analysis and development
testing are devoted to these aspects.

From production testing of equivalent helicopter designs,
particularly the CH-46A, the CH-47A, and the earlier H-21
helicopter, it is known that small changes in configuration
associated with the arrangement of tolerances from ship to
ship can cause a substantial variation in vibration character-
istics. It has been concluded that the only real solution to
the vibration problem lies in the development of force- or
acceleration-compensating devices which will provide whatever
force is required, within their stroke limitations, to cancel
the vibration at the point at which it is sensed. The merits
of this philosophy have been borne out by the equipping of
several production helicopters with vibration absorbers.

Of course, the force requirements, and therefore the weight,
of vibration-compensating devices will depend on the vibration
levels of the basic aircraft. Design for acceptable vibration
characteristics, and therefore minimum weight and complexity
of vibration compensating devices, is undertaken to minimize
the inherent vibration levels of the aircraft.

The vibration levels for the heavy-1lift helicopter are pre-
dicted on the basis that no antivibration devices are
installed, but devices which are under development will be
available to solve any vibration problems which might arise.

The prediction of vibration levels and the hub shaking forces
from which they arise is accomplished by the application of
these two basic techniques.

Rotor Hub Shaking Forces

All rotor hub shaking forces described here are determined

from the Rotor Analysis Digital Computer Program, a well-
established proven analytical tool compiled for the study of
aerodynamic, dynamic, and structural characteristics of

current and advanced rotor concepts. The program has been
developed from an original analysis prepared by Vertol Division
for a BuWeps study of helicopter rotor hub vibratory forces
(Reference 22). The effects of nonlinear aerodynamics,

including nonuniform downwash and compressibility effects, are
considered.
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The general approach is to compute the rotor-induced velocities
from each rotor and, in conjunction with classical airloading,
determine the total airloading on each blade. From these air-
loads, Coriolis, and centrifugal forces, the dynamic response
of each blade is determined. From the response in flap. pitch,
and lag, the blade root shears and moments (and subsequently
the hub shaking forces) are found.

To substantiate the accuracy of hub shaking forces predicted
by the rotor analysis method, a comparison of calculated
rotor shaking forces and test data is presented in Figure
89. The test data was recorded during the flight testing of
the CH-46A for the Advanced Vibration Development Program in
April 1965 (Reference 20). The excellent agreement obtained
over the complete airspeed range lends a great deal of con-
fidence to the results predicted herein.

Effects of Blade Twist on Rotor Hub Shaking Forces

The effect of blade twist on helicopter vibration levels has
been investigated (References 16 and 22), with the general con-
clusion that decreased blade twist results in lower vibratory
stress and load levels. To substantiate this effect, which

is caused by the increased loading at the inboard blade sec-
tions exciting the first flexible bending mode shape of the
blade, the effect of twist on the heavy-lift helicopter was
investigated by considering degrees of twist at the perfor-
mance envelope limits. Two flight configurations were con-
sidered:

l. Gross weight 87,000 pounds 75,700 pounds
2. Altitude sea level 5000 feet

standard day standard day
3. Airspeed 165 knots 170 knots

Blade twist was considered linear with total twist values of
-6, -8, -10, and -12 degrees.

The results are presented in Figure 90 as vertical shaking
forces, longitudinal forces and pitching moments at three-
times rotor speed for both rotors. Trends versus twist for
the vertical forces and pitching moments are linear, and they
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increase at a rate of approximately 2 percent per degree of
twist, Although these results are for the proposed plastic
blade,the metal blade shows similar trends. For longitudinal
force, the trends generally decrease with twist at a rate of
0.25 percent per degree, which is for all practical purposes
negligible. Longitudinal loads are small relative to the
vertical loads, and the effect of twist overall will follow
the trend of the vertical load.

Airspeed Trends for Rotor Hub Shaking Forces

To predict vibration level for the transport at a gross weight
of 87,000 pounds, the rotor hub shaking forces were computed
over a range in airspeed of 100 to 165 knots. These forces,
which contribute to the vertical vibration level, are shown

in Figure 91 as the longitudinal and vertical forces, and as
the pitching moments for both hubs. All loads for both rotors
increase with airspeed over the range in airspeed considered.
To substantiate the general level of these forces, Figure 92
compares the forward rotor's nondimensional vertical force,
which predominates in wvibration level prediction, and the
same force for the CH-47A helicopter at equivalent disc loading.
This and the correlation of test and calculated shaft loads
described previously illustrate the reliability of the calcu-
lated shaking forces.

Fuselage Vibration Level

For the prediction of the aircraft's response to hub shaking
forces, several approaches are open.

The most common method is to represent the helicopter struc-
ture by a series of lumped masses and weightless beams with
equivalent stiffness values, and to use classical methods to
solve for the response. This approach has generally had
limited success, particularly in the preliminary design of
structures, since most helicopter structures are unsuited to
representation as slender beams, and since basic structural
properties are not well defined.

A better approach, when a structure is reasonably well defined,
is that used for the analysis of current designs. This

method is to determine first the structural stiffness using
the Comprehensive Option Stiffness Matrix Organization

System (COSMOS) and associated programs (Reference 18).

For a given structure, this program incorporates basic flange
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and spar areas, beam inertias, and effective hub and skin
thicknesses, refers them to standard axes, and constructs
stiffness matrices. Helicopter mass is distributed at pre-
selected nodal locations of the complex structure, and mass
matrices are constructed from them. Fuselage natural fre-
quencies and forced response to unit or calculated hub shaking
forces are then determined from the solution of the resulting
dynamic matrix. This fully analytical approach to the predic-
tion cf vibration level again requires a reasonable description
of the helicopter structure; and for the heavy-lift helicopter,
this is not yet possible.

The third approach, more applicable in the present case where
the fuselage has not yet been designed, is to scale measured
response information from an existing aircraft. The geometric
similarity between the CH-47A helicopter and the heavy-lift
helicopter is illustrated in Figure 93. Fuselage response
characteristics for the CH-47A helicopter have lLeen determined
from groun” shake tests over a range in frequency from unit
hub loads and moments applied to both rotor hubs. Since
helicopter response level is, in general, inversely proportional
to the gross weight, and since response frequency is inversely
proportional to the length, the levels for the CH-47A can be
scaled to yield equivalent response for the heavy-lift reli-
copter. From this response level, from the calculated hub
shaking forces, and from the known phase relationship between
the forces and response, a vector summation of the total
response is obtained.

A comparison of measured helicopter vibration with that cal-
culated by the synthetic method described above is shown in
Figure 94, Vibration data are shown for the CH-47A helicopter
at a gross weight of 28,000 pounds. The calculated level was
determined for a 33,000-pound gross weight, since the disc
loading for the CH-47A at this gross weight corresponds to a
similar disc loading for the heavy-1lift helicopter at 87,000
pounds gross weight. The good agreement in level and trend
hetween the calculated value and the measured scatter is well
illustrated.

The fuselage response to unit hub shaking forces (Figure 95)
and the hub shaking forces predicted for 100 to 165 knots at
87,000 pounds gross weight were synthesized graphically. This
synthesis for airspeeds ot 100, 140, and 165 knots (Figure 96)
clearly shows the importance of both amplitude and phase. Aft
rotor longitudinal forces are not shown, since they have a
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negligible effect on the total response.

Figure 97 represents helicopter response to hub loads in the
form of cockpit vibration. This curve of heavy-lift helicopter
cockpit vibrations is superimposed on similar existing heli-
copter vibration levels. As with existing helicopters using
antivibration devices, vibration levels in the heavy-lift
helicopter will be controllable to acceptable levels. Research
test programs conducted by Vertol Division over the last

18 months have provided substantial insight into the nature of
vibration in helicopters. Preliminary designs and feasibility
tests have demonstrated the usefulness of the vibration-
control devices described in the paragraphs which follow.

Blade Pendulum Flap Absorbers

The blade pendulum flap absorber is a small centrifugally-
tuned pendulum which is located at the blade root retention
area. A typical flap absorber is shown with its effects on
blade root loads, and subsequently on vibration level, in
Figure 98. These pendulums are tuned to resonance with the
3-per-revolution flapping to produce shear force which will
oppose and reduce the vertical load initially generated by the
blade motion and which will, in turn, reduce the vertical

shaft loads. The effect of tuning on the pendulum's effective-
ness is also shown.

Cockpit and Cabin Absorbers

Absorbers mounted in the fuselage are used successfully in a
number of operational helicopters, such as the CH-46A, UH-2,
and SH-3A. CH-46A production aircraft have two vertical
absorbers and one lateral absorber under the cockpit floor.
These units absorb energy which would otherwise be introduced
into the aircraft structure. The amount of energy which can
be absorbed depends on the size and location of the active
mass. The reduction in cockpit vibration achieved with the
CH-46A absorbers is shown in Figure 99,

Rotor Force Balancers
A force balancer is a device capable of producing a force in

opposition to the rotor vibratory forces. Flight testing has
been conducted on the CH-46A to evaluate the concept of force

balancing.
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A hydraulic shaker capable of producing a sinusoidal force of
800 pounds was installed under the forward transmission with
its line of action in line with the rotor shaft. The purpose
of this testing was to determine if this shaker, which simu-
lated a force balancer, could reduce the predominant 3-per-
revolution vertical vibration. The shaker was synchronized
with rotor 3=per-revolution, and the amplitude and phase of the
force output were controlled manually. An operator, using a
visual display control console, monitored vibration at various
fuselage locations, and then varied the amplitude and phase of
the shaker force to minimize the vibration at these locations.
The shaker produced a substantial reduction in vibration (see
Figure 100).

Preliminary design studies have been conducted on an electro-
mechanical device which generates force through the rotation
of four eccentric weights about a common axis at three times
rotor speed.

Since acceptable vibration levels and reliability are necessary
conditions to be met by any aircraft configuration, recourse

to the use of antivibration devices is a recognized element in
product-improvement programs. Depending on the type of device,
advanced versions weigh approximately 1 to 1.5 percent of
design gross weight. As more refined versions become avail-
able, it is expected that the gains in human comfort and cargo
protection will far offset the minor increment to weight.
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Figure 69. Static Bending and Tip Deflection of Plastic
Blade.
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